UNIVERSITY  OF  ALBERTA 

SCHOOL  OF  GRADUATE  STUDIES 

DEPARTMENT  OF  ELECTRICAL  ENGINEERING 

The  Development  of  a 
Drill  Hole  Volume  Computer 

by 


V*  C#  Larson 


For  Reference 


NOT  TO  BE  TAKEN  FROM  THIS  ROOM 


(3x  ilBBDS 

wbishmis 

MBBaMSBSIS 


Digitized  by  the  Internet  Archive 
in  2018  with  funding  from 
University  of  Alberta  Libraries 


https://archive.org/details/larson1956 


ABSTRACT 


The  completion  of  an  oil  well  requires  that  the  annular 
space  between  the  well  casing  and  the  walls  of  the  drill  hole  be 
filled  with  cement  to  a  prescribed  level®  The  volume  of  cement 
required  for  this  operation  is  usually  determined  from  experience 
acquired  from  cementing  other  wells® 

The  development  of  a  device  which  permits  the  direct 
determination  of  the  required  volume  of  cement  is  described®  The 
device  was  designed  to  be  used  in  conjunction  with  commercially 
available  drill  hole  radius  logging  equipment®  It  accepts  a 
signal  from  the  commercial  radius  measuring  tool  and  continuously 
computes  the  drill  hole  volume®  The  computed  volume  is  presented 
in  the  form  of  an  electrical  signal  which  may  be  recorded  by  the 
equipment  normally  used  to  obtain  the  radius  record© 

The  computer  uses  electric  analog  computing  elements 
to  perform  the  required  mathematical  operations® 

Laboratory  tests  of  the  development  model  of  the  computer 
showed  it  to  be  accurate  to  within  five  percent®  A  theoretical 
analysis  of  the  computer  design  showed  that  an  accuracy  of  one 
or  two  percent  could  be  obtained  with  no  changes  in  the  basic  design® 
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THE  DEVELOPMENT  OF  A  DRILL  HOLE  VOLUME  COMPUTER 


I*  INTRODUCTION 

The  diameter  of  an  oil  well  drill  hole  is  usually  somewhat 
larger  than  the  nominal  diameter  of  the  rotary  drilling  bit*,  This  is 
primarily  a  result  of  the  eroding  action  of  the  circulating  drilling 
fluid  upon  soft,  unconsolidated  or  semi-consoli dated  formations® 

The  completion  of  an  oil  well  invariably  involves  the  inser¬ 
tion  of  steel  casing  into  the  drill  hole  followed  by  the  pumping  of 
cement  slurry  into  the  annular  space  between  the  casing  and  the  walls 
of  the  hole®  Upon  setting,  the  cement  provides  a  seal  between  the 
productive  formation  and  other  porous  fluid  bearing  formations,  and 
between  these  formations  and  the  surface® 

Good  well  completion  practice  dictates  that  the  level  of  the 
set  cement  shall  be  at  least  as  high  as  the  shallowest  potential  producing 
formation  penetrated  by  the  drill  hole, and  to  ensure  that  safe  well  com¬ 
pletions  will  be  made  by  all  operators,  most  government  conservation 
agencies  have  regulations  which  specify  the  location  of  the  top  of  the 
set  cement®  To  comply  with  such  regulations,  it  Is  necessary  to  determine 
the  volume  of  cement  slurry  needed  to  fill  the  enlarged  annular  space  to 
the  given  level® 

A  common  method  of  determining  the  required  slurry  volume 
involves  the  addition  of  a  quantity  of  slurry  in  excess  of  the  volume 
between  the  casing  and  a  hole  of  nominal  bit  diameter®  The  excess 
slurry  volume  is  statistically  determined  so  as  to  imply  with  a  high 
degree  of  confidence  that  the  enlarged  diameter  hole  of  the  worst 
case  which  might  be  met  in  practice  will  be  adequately  filled®  Such  a 
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procedure  is  wasteful  of  cement  since  the  average  hole  would  require  a 
smaller  quantity  of  excess  slurry*  Furthermore  *  it  is  possible  that  the 
slurry  volume  so  obtained  would  not  be  adequate  for  every  hole  and  in  these 
cases  expensive  remedial  measures  would  be  requiredo 

A  more  precise  method  of  slurry  volume  determination  is  based 
upon  use  of  a  curve  of  drill  hole  diameter  or  drill  hole  area  versus  depth* 
Such  a  curve  is  referred  to  as  a  ’caliper  log’  and  is  usually  run  just 
prior  to  running  the  production  casingo  By  means  of  graphical  integra¬ 
tion  or  with  the  aid  of  a  planimeter,  the  average  hole  diameter  or  area 
of  the  section  of  interest  is  obtained^  and  from  this  the  gross  hole  vol¬ 
ume  computed*  The  necessary  volume  of  cement  slurry  is  simply  the  gross 
hole  volume  minus  the  exterior  volume  of  the  casing^  both  considered  over 
the  length  of  the  section* 

In  practice^  the  latter  method  is  little  used*  since  it  requires 
the  services  of  a  skilled  technician  at  the  well*  Furthermore  9  the  in¬ 
tegration  process  is  laborious  and  time  consuming  and  indeed  might  even 
delay  the  running  of  casing  with  the  result  that  the  cost  of  lost  drilling 
rig  time  might  partially  or  completely  nullify  the  saving  in  cement* 

The  considerations  noted  above f  indicate  the  need  for  a  log 
which  provides  a  curve  of  drill  hole  volume  versus  depth*  From  such  a 
log  the  volume  of  the  hole  between  any  two  points  could  be  read  directly 5 
and  upon  subtracting  the  casing  volume ,  the  required  cement  slurry  volume 
would  be  obtained*  Such  a  procedure  could  be  executed  by  the  supervisor 
in  charge  of  running  the  casing*  It  would  be  simple  and  no  delay  would 
result  from  its  application* 


The  need  for  such  a  log  has  been  recognized  for  many  years  by 
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those  associated  with  the  oil  industry  and  the  basic  principles  of  two 
devices  which  would  provide  a  cumulative  drill  hole  volume  log  have  been 
described  (1,2). 


With  the  hope  that  oil  well  logging  service  companies  would 
become  interested  in  making  a  volume  log  available  to  their  clients, 
and  with  the  further  aim  of  bringing  any  interest  exhibited  closer  to 
realization,  the  development  of  a  drill  hole  volume  computer  was  under™ 
taken. 


II.  MATHEMATICAL  STATEMENT  OF  THE  PROBLEM 


Consider  the  cross-section  of  a  drill  hole  depicted  in  Figure  1. 
Assuming  a  circular  drill  hole,  the  volume  from  x  =  0  to  x  =  X  is  given 


by; 


V  =7T  r  dx 


0  O  O  O  O 


o(l 


/o 

where  r  -  instantaneous  drill  hole  radius 

x  -  instantaneous  distance  from  the  bottom  of  the 
drill  hole 

V  ~  volume  of  drill  hole  from  x  -  0  to  x  =  X. 


Computation  of  the  drill  hole  volume  by  Equation  1  requires 
integration  with  respect  to  distance. 


It  is  possible  to  rewrite  Equation  1  in  a  form  which  permits 
integration  with  respect  to  time. 

During  logging,  the  depth  at  which  the  logging  tool  is  located 
is  a  function  of  time  and  thus; 

x  =  0(t) 

dx  =  d  0(t)  =  0»(t) 

dt  dt 


(1,2)  See  Bibliography, 
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The  function  09(t)  may  be  interpreted  as  the  instantaneous 
logging  velocity* 

Changing  the  variable  x  in  Equation  1  to  t  we  haves 
T 

V  =1 if  r2  0<(t)  dt  ........(2 

where  T  ®  time  at  ihich  logging  tool  is  at  x  «  X* 

Since  r  is  a  function  of  time,  from  Equation  2  it  is  seen 

that  the  volume  of  the  drill  hole  logged  during  a  time  T  can  b  e  com- 

2 

puted  by  forming  the  product  r  dx  and  integrating  this  function  with 

dt 

respect  to  time  over  the  period  of  time  Te 

III*  PRELIMIMRY  DESIGN  OF  THE  DRILL  HOLE  VOLUME  COMPUTER 

Computation  of  the  volume  of  the  drill  hole  by  means  of 
Equation  1  or  2  might  be  carried  out  by  either  a  digital  or  an  analog 
computer* 


For  computing  applications  in  which  errors  greater  than  0*1  % 
can  be  tolerated^  an  analog  machine  Is  usually  cheaper  and  less  complex 
than  a  digital  machine  (3)«  For  the  problem  at  hand*  the  use  of  an  ana¬ 
log  machine  is  indicated  since  the  accuracy  requirements  are  not  par¬ 
ticularly  strict®  Furthermore  the  input  to  the  computer  will  be  in  the 
form  of  a  continuously  varying  quantity  which  the  analog  machine  will 
accept  without  the  use  of  costly  analog-to-digital  converters*  From 
these  considerations  it  is  evident  that  the  required  computation  can  be 
most  easily  and  cheaply  accomplished  with  an  analog  machine* 


As  previous  discussed*  evaluation  of  the  drill  hole  volume  by 
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application  of  Equation  1  requires  integration  -with  respect  to  distance® 

A  drill  hole  volume  computer  based  upon  this  principle  is  described  in 
the  disclosure  of  Nance  and  Rabe  (1)®  This  machine  uses  a  mechanical 
integrator  of  the  ball  and  disc  type  (lt)5  the  drill  hole  volume  appearing 
at  the  output  of  the  machine  in  the  form  of  a  shaft  rotation® 

The  computer  described  in  Reference  2  applies  the  concepts 
used  in  developing  Equation  2  and  is  the  basis  for  the  computer  described 
in  this  dissertation® 

A®  FUNCTIONAL  DIAGRAM  OF  THE  COMPUTER 

A  functional  diagram  of  the  computer  -which  performs  the  opera¬ 
tions  required  by  Equation  2  is  shown  in  Figure  2® 

The  drill  hole  radius  r  is  entered  into  the  squarer  1®  The 
2 

squarer  output  r  enters  the  multiplier  20  The  distance  signal  x  is 

differentiated  by  the  differentiator  3  and  its  output  dx  also  enters 

2  ^ 

the  multiplier®  The  multiplier  forms  the  product  r  dx  which  enters 

dt 

the  integrator  Iu  Integration  is  carried  out  with  respect  to  time  and  thus 

2 

the  integrator  output  is  proportional  to  r  dx  which  is  proportional  to 

dt 

the  drill  hole  volume® 

B®  SPECIFICATIONS 
i®  Input  and  Output  Signals 

The  drill  hole  volume  computer  was  to  be  developed  so  as  to  be 
compatible  with  the  logging  equipment  of  the  Halliburton  Oil  Well  Cementing 
Company  in  order  that  the  problems  associated  with  obtaining  compatibility 
with  specific  logging  equipment  might  be  fully  appreciated®  Thus  the  com¬ 
puter  must  accept  the  electrical  radius  signal  from  the  Halliburton  cali¬ 
per  logging  tool  and  provide  an  output  signal  which  can  be  accepted  by  the 
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Halliburton  recording  equipment® 

Details  of  the  nature  of  the  caliper  tool  signal  are  contained 
in  Appendix  A  -while  the  output  signal  requirements  are  discussed  in  Appen¬ 
dix  Bo 

ii*  Accuracy 

A  firm  specification  of  the  accuracy  of  the  computer  was  not 
made  at  the  outset^  however  it  was  felt  that  if  the  computer  was  to  be 
of  practical  value  the  error  in  its  output  and  in  reading  the  log  should 
not  be  greater  than  of  the  correct  hole  volume® 

Co  SELECTION  OF  COMPUTING  ELEMENTS 
i®  The  Differentiator 

Computation  of  the  drill  hole  volume  by  the  method  of  Equation  2 
requires  the  derivative  of  the  position  of  the  logging  tool  with  respect 
to  time©  Since  the  caliper  tool  is  pulled  up  the  drill  hole  by  means  of 
a  cables  the  required  derivative  will  be  proportional  to  the  logging  cable 
velocity©  All  caliper  logging  systems  feed  the  logging  cable  over  a 
measuring  sheave  or  drum  and  therefore  the  angular  velocity  of  this  drum 
will  be  proportional  to  the  velocity  of  the  cable0  Since  the  output  vol¬ 
tage  of  a  d© c©  tachometer  is  proportional  to  the  angular  velocity  of  its 
shaft  *  the  output  voltage  of  a  tachometer  coupled  to  the  measuring  sheave 
will  be  proportional  to  the  required  time  derivative© 

ii©  Squarer  and  Multiplier 

The  operation  of  squaring  is  essentially  that  of  multi¬ 
plication©  Numerous  methods  of  analog  multiplication  are  discussed  in 
Korn  &  Korn  (5)  and  Greenwood  et  al  (6)  while  some  direct  methods  of 
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squaring  are  also  discussed  in  Greenwood  et  al  (7)« 

The  computing  element  used  in  the  drill  hole  volume  computer 
combines  the  operations  of  squaring  and  multiplication  and  is  based  upon 
the  employment  of  servo  positioned  potentiometers  (8)©  Figure  3  shows 
the  circuit  of  the  squar er -multiplier 0 

The  differential  amplifier  drives  a  servo  motor  which  is 
coupled  to  two  ganged  potentiometers©  Potentiometer  is  a  linear 
potentiometer  whose  resistance  between  the  slider  and  the  grounded  end 
is  proportional  to  the  shaft  rotation  ©©  Potentiometer  ?2  is  a  square 
law  potentiometer  whose  resistance  between  the  slider  and  the  grounded 
end  is  proportional  to  the  square  of  the  shaft  rotation  @©  The  differ¬ 
ential  amplifier  reacts  to  the  input  signals  so  as  to  drive  the  motor 
in  one  direction  if  the  algebraic  difference  between  the  signals  is 
positive  and  in  the  reverse  direction  if  the  difference  is  negative© 

If  the  net  input  signal  is  zero*  the  motor  does  not  turn©  One  input  to 
the  amplifier  is  the  voltage  Eq  while  the  other  is  the  fraction  of  the 
voltage  X  which  appears  between  the  slider  of  P^  and  ground©  Thus* 
the  action  of  the  servo  motor  tends  to  move  the  slider  of  P=^  until  2 

%  -  X  ,  ©Rx 
%  ®max 

where?  X  is  the  voltage  applied  across 
is  the  total  resistance  of  P^ 

©  is  the  angle  from  electrical  zero  through  which  the 
shafts  of  and  Pg  have  turned 

^rnaDc  ^he  maximum  shaft  rotation  angle  of  Pq  and  Pg 

Therefore  s 

Q  ~  E1  ^max  000000 »©(3 

X 
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Since  potentiometers  P^  and  P^  are  driven  by  the  same 
shaft*  the  slider  of  P^  follows  the  slider  of  P^®  The  output  voltage 
of  potentiometer  P^  is  the  fraction  of  the  voltage  E^  applied  to  P^ 
which  appears  between  the  slider  of  P^  and  groundo  Thus  $ 


sip 


«  o  o  o  o  o  (4 


max 


Where*  E 


sip 


output  voltage  of  the  square  law  potentiometer 
•voltage  applied  across  P^ 


Since  ©  is  related  to  E^  by  Equation  3*  substitution  for  © 
in  Equation  4  gives  % 


4  et 


Jslp 


y2 


-  O  ©  ©  O  OO 


(5 


In  applying  the  circuit  of  Figure  3  to  the  computation  of 

drill  hole  volume*  if  E^  is  proportional  to  the  drill  hole  radius  r 

and  if  E^  is  proportional  to  the  rate  of  logging  ~  *  the  output  from 

2  dx 

the  squarer-multiplier  will  be  proportional  to  the  product  r  ^  « 
Reference  to  Figure  2  shows  that  this  is  the  function  which  is  required 
at  the  input  to  the  integrators 


iiio  The  Integrator 

There  are  numerous  methods  available  for  obtaining  the  time 
integral  of  a  voltage  or  current  (9)0  Of  those  which  operate  upon  a 
voltage  input*  the  most  common  is  the  parallel  feedback  integrator  (10) 
which  utilizes  a  capacitor  In  conjunction  with  a  high  gain  direct  coupled 
amplifier®  For  integration  which  must  proceed  over  a  long  period  of 
time*  such  integrators  suffer  from  the  effects  of  finite  amplifier  gain 
and  capacitor  leakage  in  addition  to  the  effect  of  amplifier  drift®  Since  a 
caliper  log  may  take  as  long  as  two  hours  to  run*  the  feedback  integrator 


. 
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was  not  considered  practical  for  use  in  the  computer* 

A  current  integrator  of  the  type  described  by  Watt  (11 )  was 
chosen  for  use  in  the  computer*  The  basic  principles  of  its  operation 
are  as  follows  ? 

The  relationship  between  the  voltage  on  a  capacitor 5  its 
capacitance  and  its  charge  is  given  byg  e  *  ©  Differentiating 

with  respect  to  time? 

lia 

dt  C  dt  C 

where  i  =  current  entering  the  capacitor* 


Cross-multiplying  Equation  6  by  dt  and  integrating? 
t^ 


e2  “  el  = 


1 

z 


1  dt 


where  e^  and  =  voltage  on  the  capacitor  at  times 

tg  and  respectively. 


If  e^  *  0  when  t^  ■  09 


1 

1 

„  1 

ft  • 

Ec  s  o’ 

i  dt  ©o«oo 

)  o 

where  E^,  s 

voltage  on  capacitor  due  to  current 
flowing  into  initially  uncharged 
capacitor  for  a  time  t© 

Thus  the  voltage  rise  on  the  capacitor  is  proportional  to  the 
time  integral  of  the  current  entering  the  capacitor© 

It  will  be  recalled  from  Figure  2  that  the  time  integral  of 


.. 


mm  i 
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the  quantity  r  dx  is  required*  The  squarer -multiplier  produces  a 
dt 

voltage  proportional  to  this  quantity  and  in  order  to  use  the  capacitor 

integrator  it  is  necessary  to  obtain  a  current  which  is  proportional  to 
2 

r  dx.  The  means  by  which  this  is  accomplished  and  the  circuit  of  the 
dt 

integrator  is  shown  in  Figure  U* 

The  differential  amplifier  drives  a  servo  motor  which  is 
coupled  to  the  shaft  of  potentiometer  across  which  is  connected  a 
voltage  source  Eg»  The  slider  of  the  potentiometer  is  connected  to  the 
control  grid  of  the  pentode  current  controller  tube^  -while  a  tap  on  the 
potentiometer  is  connected  to  the  lower  end  of  the  cathode  resister 
The  tube  obtains  its  plate  voltage  from  the  voltage  source  E^  and  the 
circuit  from  the  pentode  cathode  is  returned  to  E^  through  the  inte¬ 
grating  capacitor  C  and  a  resistor  Ry 

The  magnitude  of  the  current  i  flowing  in  the  plate  and  cathode 
circuits  of  the  pentode  is  controlled  by  the  position  of  the  slider  of 
potentiometer  P^«  As  the  slider  moves  toward  the  positive  end  of  the 
current  i  will  increase ,  while  if  the  slider  moves  in  the  opposite  direc¬ 
tion  current  will  decrease 9  finally  approximating  zero* 

The  differential  amplifier  reacts  to  its  input  signals  so  as  to 
drive  the  mot or -potentiometer  combination  in  such  a  fashion  as  to  make  the 
input  to  the  amplifier  zero*  Since  one  input  is  the  voltage  Eg^p  and 
the  other  is  the  voltage  drop  across  R^$  the  current  i  is  controlled 
so  that: 

Eslp  “  1  r3 


OOOOGOOO 
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Since  i  enters  the  capacitor  Gs  the  voltage  rise  on  the 
capacitor  is  given  bys 

EC  -  1  f  i  dt  «  _1 _  f  Eglp  dt 

c  J  c  r  3  y 

2 

Since  Esip  is  proportional  to  r  dx,  the  voltage  across  the 

dt 

capacitor  -will  be  proportional  to  the  drill  hole  volume* 
iv.  The  Basic  Circuit  of  the  Drill  Hole  Volume  Computer 

The  computing  elements  described  above  may  be  combined  to 
form  the  basic  circuit  of  the  computer  as  shown  in  Figure  5* 

The  caliper  logging  tool  is  pulled  up  the  drill  hole  by  means 

of  the  logging  cable  which  travels  over  a  measuring  sheave*  The  tachometer 

is  connected  to  the  measuring  sheave  and  thus  the  shaft  rotation  of  the 

tachometer  is  proportional  to  the  rotation  of  the  measuring  sheave*  The 

logging  tool  produces  a  voltage  which  is  proportional  to  the  drill 

hole  radius  rD  The  voltage  Ep  is  balanced  against  a  voltage  obtained 

from  the  linear  potentiometer  by  servo  amplifier  1  and  thus  a  shaft  rota- 

tion  9  proportional  to  r  is  obtained*  Connected  to  the  shaft  of  the 

linear  potentiometer  is  the  square  law  potentiometer  which  is  fed  the 

voltage  E*p  produced  by  the  tachometer*  The  voltage  E^  is  proportional 

to  the  logging  velocity  dx/dt*  The  output  voltage  of  the  square  law 

o 

potentiometer  Esip  is  proportional  to  the  product  of  ©  and  E^* 

Since  ©  is  proportional  to  r^  Esip  is  proportional  to  r^  dx/dt* 

Through  the  action  of  servo  amplifier  2*  a  current  which  is  proportional 
to  Eg^p  is  produced  in  the  cathode  circuit  of  the  current  controller  tube* 
This  current  enters  the  integrating  capacitor  and  thus  the  capacitor  vol¬ 
tage  rise  will  be  proportional  to  the  time  integral  of  the  current*  There- 


. 
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f  2  2 

fore  EP  will  be  proportional  to  r  dx  dt  =  r  dx  which  is  in  turn 
c  “  ;  dt 

proportional  to  the  volume  of  the  drill  holea 


D.  CALIBRATION  OF  THE  COMPUTER 

In  the  preceding  section,  it  was  shown  that  the  voltage 
across  the  integrating  capacitor  will  be  proportional  to  the  drill  hole 
volume*  In  order  to  make  the  computer  of  practical  value,  it  is  neces¬ 
sary  to  establish  the  constant  of  proportionality  between  the  computer 
output  voltage  and  the  drill  hole  volume »  This  may  be  done  by  con¬ 
sidering  the  ’scale  factors’  which  define  the  relationship  between  a 
given  variable  of  the  physical  problem  to  its  analogous  machine  vari¬ 
able,  and  finding  the  'transfer  functions’  which  relate  the  output  of 
the  resnective  computing  elements  to  their  respective  inputs*  From 
these  relationships  the  transfer  function  of  the  computer  as  a  whole 
can  be  determined  and  finally  the  desired  constant  of  proportionality 
obtained* 


The  scale  factor  o<  maybe  defined  as  (12): 


=  Magnitude  of  quantity  representing  computer  variable 
Magnitude  of  corresponding  physical  variable 


The  transfer  function  p  may  be  defined  as  (13) : 

(3  =  Computer  (element)  output 
Computer  TeleirSntTTnpuF- 

The  choice  of  scale  factors  is  usually  at  the  discretion  of 
the  computer  designer*  The  scale  factor  for  a  given  variable  should  be 
large  in  order  that  errors  caused  by  uncontrollable  perturbations  of  the 
computer  variable  will  be  minimized,  however  the  maximum  value  of  a 
scale  factor  is  limited  by  the  maximum  value  which  the  computer  variable 
may  assume*  Thus  in  choosing  scale  factors,  a  compromise  between  these 
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conflicting  considerations  must  be  made* 

The  transfer  function  of  a  given  computing  element  may  be  fixed 
by  its  mechanical  or  electrical  characteristics,  or  it  may  be  subject  to 
alteration  by  a  suitable  choice  of  its  constituent  components* 

The  scale  factors  to  be  chosen  for  the  drill  hole  volume  com- 


puter  are  given  in  Table 

I*  while  the  transfer 

functions  are  defined 

in  Table  II* 

TABLE  I 

Physical  Variable 

Computer  Variable 

Scale  Factor 

r  Drill  hole  radius 

Feet 

0  Angular  shaft 
rotation,  degrees 

©  degrees 

r  foot 

dx  Rate  of  logging 
dt  Feet/second 

^  Tachometer  shaft 
angular  velocity 
Degrees /second 

o<  _  <jo  degrees 

1  dx  foot 
dt 

V  Drill  hole  volume 
Cubic  feet 

Ec  Integrating 

capacitor  voltage 
Volts 

E 

^  -  o  volts 

3" v  ft* 

TABLE  II 


Computing 

Element 

Computing 

Element 

Input 

Computing 

Element 

Output 

Transfer  Function 

Tachometer 

<■&  deg/sec 

volts 

E 

a  _  T  volt  sec 
degree 

Square  Law 
Potentiometer 

E  volts 

T 

Eslp  volts 

bt  ftHax 

Integrator 

i  amperes 

E  volts 

V 

Q  -  _  1  volts 

i  CP  ampere 

Where i  ^aax  ‘fc*ie  maximum  rotation  of  linear 

and  square  law  potentiometer  shafts 

P 

is  the  operator  d 
dt 

*'X  .  •  •.  •  •.  t 


.  :  -L 


c 
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The  transfer  function  for  the  complete  computer  may  be  derived  by 
starting  with  the  transfer  function  for  the  output  stage  of  the  computer  and 
substituting  for  each  successive  input  variable  until  the  input  stage  of  the 
computer  is  reached# 


Thus  from  the  definition  of  po 


E 


(9 


CP 


It  will  be  recalled  that  Servo -amplifier  2  control®  the  current  i 
so  that  Equation  8  is  satisfied#  Therefor es  we  have  the  relations 

BSlp  “  1  R3  O  O  o  .  .  o  .  O  (8 

Substituting  for  i  in  Equation  9j> 


E 


Eslp 

vp 


o  O  O  O  O  o  o 


(10 


Substituting  for  Eg-^  from  the  definition  of  fig 
E  =e% 

C  - - - 

9  R  CP 
max  5 

Substituting  for  E^,  from  the  definition  of 

e2  s 


O  ©  O  ©  O  o 


*o(ll 


e  h  cp 

max  3 


o  oo  o  ® #  (12 


Equation  12  defines  the  relationship  between  the  output  of  the 
2 

computer  E  and  its  input  Thus  the  computer  transfer  function  is 

c 


given  by,. 


E 


Pi 


e  o  •  •  o 


0.0(13 


2  2 

9  0 v  ©^  R  CP 

max  3 


If  is  specified^  then  the  transfer  function  and  the  com¬ 


puter  constants  9  <>  R  and  C  must  be  selected  so  as  to  satisfy  Equation  13< 

max  5 


' 
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Equation  I3  defines  the  computer  transfer  function  in  terms  of  the 

machine  variables®  If  the  machine  variables  are  written  in  terms  of  the 

corresponding  physical  problem  variables,  as  defined  by  the  scale  factors 

-<  ,  *<0  and  -<  o  we  have  after  substituting  and  re-arranging  terms e 
Id  3 

2 

PT  -  ,dV  -  *<1  *^1  r 2dx  ........(14 

™  Vf "L,  M 

Integrating  both  sides  of  Equation  14$ 


^1%^!  r2  dx 

*<3R3Ce  max  J 


0000000® 


(15 


But  from  Equation  ls 


V  - 


8  000  »»  O#  (l 


Therefore? 


(16 


-<RC@ 

3  3  max 


Equation  16  expresses  the  relationship  between  the  scale  factors 
and  the  transfer  function  and  the  computer  constants  C 
and  ©max  T«diioh  must  be  satisfied  if  a  given  computer  calibration  is  to  be 
obtained®  It  will  be  noted  that  fixing  any  six  of  the  factors  in 
Equation  16  determines  the  seventh® 


Equation  16  will  be  applied  in  the  final  design  of  the  computer® 

In  connection  with  the  design  of  the  current  controller  circuit, 
it  is  necessary  to  determine  the  current  requirements  of  Hie  integrating 
circuit®  This  may  be  done  as  follows? 
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From  Equation  8, 


i  a  Eslp 


oooo  o  o  o  o 
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Substituting  for  E  from  the  definitions  of  *<  ajid  p  9 

sip  ±  *  j.  * 


i  =  *<lVl  r2  S 


e2  rI 

max  3 


dt 


©ooooooe( 18 


Since  R^  is  defined  by  Equation  16 ,  upon  substitution  in 


Equation  18* 


i  ®  ru<  C  r  dx 
3  dt 


o  o  o  o  o 


o  (19 


The  maximum  current  will  be  required  when  r  and  dx/dt  take  their  maximum 
values,  therefore® 


max 


3  ^  max  (dx) 
(dt), 


oooo (20 


max 


Eo  THEORETICAL  PERFORMANCE  ANALYSIS  OF  THE  PRELIMINARY  COMPUTER  DESIGN 

A  theoretical  analysis  of  the  performance  of  a  computer  design 
will  indicate  whether  or  not,  in  the  light  of  available  data,  the  computer 
will  operate  satisfactorily®  Suph  an  analysis  should  account  for  the  errors 
in  the  computer  solution  due  to  the  inaccuracies  of  the  individual  computer 
elements,  deviation  from  ideal  performance  of  any  elements  and  the  effects 
of  environment  upon  the  operation  of  the  computer  elements® 

The  most  important  phase  of  the  performance  analysis  is  the 
investigation  of  errors  due  to  the  inaccuracies  of  the  individual  computing 
elements,  for  upon  this  will  depend  the  ultimate  specification  of  the  allow¬ 
able  computing  element  inaccuracy®  Since  the  cost  of  a  component  increases 
rapidly  with  reduction  in  inaccuracy,  an  economical  design  will  result  only 
when  component  inaccuracies  are  no  lower  than  necessary  to  obtain  the  re- 


' 
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quired  performance.  An  error  analysis  may  even  show  that  the  required 
accuracy  cannot  be  obtained  with  components  having  the  lowest  inaccuracy 
available.  In  such  a  case*  it  would  be  necessary  to  relax  the  accuracy 
requirements  of  the  computer  or  alter  its  design*  repeating  the  perfor¬ 
mance  analysis  to  ascertain  if  the  new  design  will  meet  requirements. 

i.  Analysis  of  Computer  Error  due  to  Computing  Element  Inaccuracies 

The  total  computer  error  caused  by  the  inaccuracies  of  the 
individual  computing  elements  may  be  calculated  by  two  different  methods. 
The  first  method  assumes  that  the  maximum  computing  element  inaccuracies 
occur  simultaneously  and  affect  the  computer  output  in  the  same  direction. 
An  error  calculated  in  this  manner  may  b©  called  the  * computer  limiting 
error.1  The  second  method  associates  an  individual  probable  error  (14) 
with  each  element  and  combines  these  to  obtain  the  computer  probable 
error.®  The  individual  probable  errors  are  usually  taken  as  one-third 
the  peak  error  or  tolerance  of  the  computing  element  and  are  combined  by 
squaring  and  summing  the  individual  probable  errors  and  taking  the  square 
root  of  the  resulting  total.  The  latter  method  is  most  often  used  in 
practice  (15)  and  it  has  been  suggested  that  the  results  so  obtained  may 
be  expected  to  be  correct  within  a  factor  of  two  (16). 
a.  Output  inaccuracy  of  linear  potentiometer? 

The  linear  potentiometer  is  used  to  obtain  a  shaft  rotation 
which  is  proportional  to  a  voltage  which  is  itself  proportional  to  the 
drill  hole  radius® 

As  discussed  in  Section  III  C*  Subsection  ii*  and  as  shown  in 
Figure  3*  the  servo-amplifier  adjusts  the  angular  position  of  the  linear 
potentiometer  shaft  until? 


o  o  o  o 


..(20 


- 


■ 
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where f 


R 


1 


total  resistance  of  potentiometer  P 


1 


R’ fraction  of  the  total  resistance  between  the  slider 
of  and  ground 

Y  =  reference  voltage 


If  the  potentiometer  is  truly  linear g 

1^*1  =  S  Rx 
© 

max 


OQOQOOOO 


(21 


where® 

^R®^  =  resistance  function  of  ideal  linear  potentiometer 

©  ■  angular  displacement  of  the  shaft  of  P^  referred  to 

R*  s  ° 

©  =  maximum  angular  displacement  of  shaft  of  P, 

max  D  1 


Due  to  errors  in  manufacture  or  construction*  the  above  equation 
must  be  replaced  by® 


R®  »  ©  R-  +  AR~ 

1  6 -  1  1 

max 


o  o  o  o  o  o  o 


(22 


where  AR^  =  peak  error  of  potentiometer  P^* 

Substituting  in  Equation  20  for  R®^  as  defined  by  Equation  22® 


©  Y  +  AR 


© 


1  Y 


max 


Solving  for  ©g 

„  E-  ©  +  AR,  © 

©  *  1  max  -  1  -max 


or  s 


©  *  ^jL  max 
Y 


©  +  T-  © 

1  max 


•  • » (23 


where  §  s  AR^  -  fractional  tolerance  of  potentiometer  P^« 
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b«  Output  Inaccuracy  of  Square  Law  Potentiometer? 

The  output  voltage  of  the  square  law  potentiometer  is  given 

by?  _  r«  _ 


sip 


(24 


where  =  total  resistance  of  potentiometer  P^ 

R£  -  fraction  of  total  resistance  appearing  between  the 
slider  of  P^  and  ground 

E^,  =  voltage  from  tachometer  applied  across  P^* 

If  the  potentiometer  resistance  conforms  exactly  to  the  desired 
square  law  function^ 

2 

R  ®  =  ©  R 

I  2  ■  -S -  2 

© 

max 

Where; 

R1  =  resistance  function  of  ideal  square  law  potentiometer 
I  2 

Due  to  errors  in  manufacture  or  construction, the  actual  potentiometer 
resistance  function  R^  is  given  by? 


R,2  =  K 


*2  *  ARg 


o  o  o  o  e 


(25 


max 


Where; 


AR, 


2  ~  peak  error  of  potentiometer  P^® 


Substituting  in  Equation  24  for  R*g  as  defined  by  Equation  25; 

2. 


sip 


where;  T, 


=  0 


ST  t  T2ET 


9 


00000090 (26 


max 

AR, 


R, 


2  s  fractional  tolerance  of  potentiometer  P^o 


c®  Output  inaccuracy  of  tachometer; 

The  output  voltage  of  an  ideal  tachometer  is  proportional  to  the 
angular  velocity  of  its  shaft® 
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Thus? 

iet  = 

where  2 

^E^,  =  voltage  output  function  of  ideal  tachometer 
0t)  -  tachometer  shaft  angular  velocity 

*  tachometer  transfer  function 

Due  to  errors  in  manufacture  or  construction,  the  actual  output  voltage 
of  the  tachometer  is  given  by? 

ET  =  t  TT  ®Tmax  ....... .(27 

where  =  full  scale  output  voltage  of  tachometer 

j.  max 

T^,  =  fractional  linearity  tolerance  of  tachometer 

cU  Output  inaccuracy  of  potentiometer -tachometer  combination? 

The  error  in  the  output  of  the  computer  due  to  the  inaccuracies 
of  the  linear  and  square  law  potentiometers  and  the  tachometer  may  be 
found  as  follows  g 


The  output  voltage  of  the  square  law  potentiometer  is  given  by 
Equation  26* 


E 


sip 


© 

2 

©max 


E_  +  T  Em 
T  -  2  T 


0  0*0  o  o 


(26 


Substituting  for  ©  and  ET  as  given  by  Equations  23  and  27, 


neglecting  products  and  squares  of  tolerances  and  writing  E_  for  _E_ 

I  1  1  $ 


E  ,  -  E1  ET  +  2Wl  ♦  ETT2  *  EX  ET  max  ?T 

alp  —  - -  - 


(28 


The  error  in  the  output  of  the  square  law  potentiometer  is 


given  by  the  last  three  terms  of  Equation  28,  or* 


AE 


2Wi 


e; 


sip 


Y  -  *  Y*  ■  ETmax  TI 


•  •ooeaee  (29 


■ 


Eh 


. 
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The  fractional  error  in  E  .  is  given  by* 

sip 


(£)slp=^i£ 


sip  Et 

“F~ 


“sip  -♦  2OT1  +  *  Kta  T! 

2T  E,  „  2 


(30 


E, 


et 


From  Equations  20  and  21, 


©max 

© 


and  upon  substituting  in  Equation  $0$  the  fractional  error  in 


the  output  of  the  square  law  potentiometer  is  given  by? 

<£>Blp  "  i  T1  i  t2  t  ETraax  tt 


(31 


© 


From  the  earlier  discussion  of  the  combination  of  individual 
computing  element  errors s  the  limiting  error  is  given  by? 

limiting  (£) 


sip 


2toaxTl  +®2m«T2  +  Tj  ........(32 


© 


e2 


It 


and  the  probable  error  is  given  by? 
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Equations  52  and  55  are  plotted  on  Figure  6  for  0.5$ 

and  on  Figure  7  for  0.2$  and  38  0«5$.  For  the  curves  shown  on 

both  figures^  E^  max/^  ■  5*0.  ^he  latter  expresses  the  ratio  between 
the  maximum  and  minimum  rate  of  logging  and  is  the  most  unfavourable  ratio 
which  would  obtain  in  practice.  It  will  be  noted  that  the  abscissae  of 
Figures  6  and  7  maybe  interpreted  as  either  ©max/©  or  rmax/r^  since  ©  is 
proportional  to  r« 

If  the  minimum  nominal  hole  radius  which  would  be  logged  in 
practice  is  taken  as  5.75  inches  and  if  2?max  s  15  inches 9  then  rmax/r=  4®0 
and  from  Figure  6,  the  limiting  error  would  be  14® 5  $  and  the  probable 


-  22 


error  would  be  3«1 

Prom  Section  II  B,  Subsection  ii,  the  maximum  allowable  error 
of  the  computer  was  quoted  as  Thus,  if  one  chooses  to  accept  the 

probable  error  listed  above,  potentiometer  and  tachometer  tolerances  of 
0*5  %  may  be  specified*  This  specification  should  be  satisfactory  since 
the  drill  hole  radius  will  be  considerably  larger  than  the  minimum  quoted 
above  and  the  logging  rate  will  normally  approach  the  maximum  permissable 
velocity  over  the  greater  part  of  the  hole*  Therefore,  the  actual  error 
which  would  be  observed  in  practice  should  be  somewhat  lower  than  the 
figures  quoted  above© 


If  this  should  not  be  the  case.  Figure  7  shows  that  by  decreas¬ 
ing  the  tolerance  of  the  potentiometers  to  0*2$,  the  limiting  and  probable 
errors  for  rmax/r  “  4  are  7*3$  and  1*4%  respectively,  which  should  permit 
an  accuracy  better  than  5/6  to  be  obtained* 

From  the  foregoing,  it  is  seen  that  the  preliminary  design 
should  be  satisfactory  from  the  standpoint  of  errors  introduced  by  the 
potentiometers  and  the  tachometer* 


ii*  Analysis  of  Capacitor  Integrator  Errors 

The  voltage  rise  on  the  integrating  capacitor  is  given  by$ 

*0  -  1  /  1  ........ (7 

Eq  will  be  proportional  to  the  drill  hole  volume  logged 
during  the  time  t  if  i  satisfies  Equation  19$ 


i  ■  n  «<_  C  -r  dx 

5  Si 
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If  the  integrating  capacitor  has  a  leakage  resistance  R , 

L 

a  portion  of  the  current  given  by  Equation  19  will  not  enter  the  capacitor 
and  thus  the  voltage  E^,  will  not  be  a  true  representation  of  idle  drill 
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hole  volume  logged* 

A  second  source  of  error  is  caused  by  the  nature  of  the  current 
controller  circuit*  Equation  19  requires  that  the  current  i  be  zero  if 
dx/dt  is  zwro  (i*e*  if  logging  is  temporarily  stopped  during  a  run)*  It 
is  not  possible  for  the  output  of  the  current  controller  pentode  shown 
in  Figures  4  and  5  to  be  exactly  zero  and  therefore  a  small  current  will 
enter  the  integrating  capacitor  when  logging  is  suspended*  The  result 
is  an  error  in  the  voltage  E^,» 

It  should  be  noted  that  the  error  due  to  leakage  opposes  that 
caused  by  the  residual  controller  current  and  thus  when  logging  is  halted 
the  two  errors  tend  to  compensate* 

Limits  for  the  integrating  capacitor  leakage  resistance  and 
the  residual  controller  current  can  be  established  such  that  the  errors 
incurred  will  be  smaller  than  some  specified  amount*  This  can  be  done 
as  follows* 

deferring  to  Figure  Q§  consider  an  ideal  capacitor  C  shunted 
by  a  resistor  representing  the  capacitor  leakage  resistance*  The 
current  i  of  which  the  time  integral  is  required  splits  into  two  com~ 
ponents^,  i^  entering  the  capacitor  and  i  entering  the  resistor* 


The  desired  integral  is  represented  by§ 


where  ■  period  of  time  over  which  integral  is  evaluated* 


Since  i  ®  i  +  i  • 

c  r 


ic  dt  *1 
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Let  e  be  defined  as$ 

e  =  1  /i  dt 
C  '  0 


■>•(34 


■where  e  «  voltage  across  the  initially  uncharged  capacitor  after  t^ 


and  since  i  ®  e 
r  \ 


I_  s  e  +  1  /  e  dt 

c  UST 


If  one  measures  the  voltage  e  and  takes  it  as  the  value  of 

the  desired  integral  at  time  t^s  the  error  suffered  is  equal  to? 

41  -  _I_  /e  1  dt  , 

C 


and  the  fractional  error  suffered  is  given  by? 
1  [*'  e  dt 

—  =  CRlJ o 

I  e 


....(35 


To  evaluate  the  magnitude  of  the  error s  it  Is  necessary  to 
know  the  function  e«  An  approximation  to  this  function  can  be  made  by 
assuming  that  the  current  i  is  constant  (which  implies  a  constant 
drill  hole  radius)© 

If  we  let  i  -  a  where  a  is  a  constants 


i  a  —  x  „ 
c  r 

Since  i^  is  to  be  made  small  relative  to  we  may  say  that 

i  =  a© 
c 


Substituting  for  i  in  Equation  34i> 
c 


e  ■  1  /  a  dt  ~  at 

IT 
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Substituting  for  ©  in  Equation  55$ 

AI  -  t± 

T~  2~CRl 

If  the  fractional  error  is  to  be  made  smaller  than  some  frac¬ 
tion  p*  then® 

P  >  -A- 

2  CR. 


and  thus 


\  >_ 1 

2  pC 


©  <a>  ©  ©  o  b 
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Equation  3 6  permits  a  minimum  value  for  to  be  specified 
for  integration  lasting  for  a  period  of  time  t^  with  a  fractional 
error  less  than  p<> 

An  expression  for  the  maximum  residual  controller  current 
may  be  developed  as  follows® 

The  change  in  the  voltage  across  the  integrating  capacitor 

C  due  to  the  flow  of  residual  controller  current  i  into  the  capaci- 

res  r 

tor  is  given  by® 


Ae  •  1 
C 


i  63  dt 
res 


where  t  -  period  over  which  logging  has  been  stopped 
s. 


Since  i  .  is  constant* 
res 


.it 
Ae  -  res  s 


If  Ae  is  to  be  made  less  than  some  fraction  p  of  th® 

maximum  integrating  capacitor  voltage  En 
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max 


tv  it 

p  E.  \  res  s 
r  C  max  /  — — >> — - 


or 


y  pC  B- 
res  max 
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Equation  37  permits  the  maximum  vaxue  of  the  residual  current” 
controller  current  to  be  specified® 

iii*  Effect  of  Environment  Upon  the  Computer  Output 
a*  Temperature? 

Changes  in  temperature  may  affect  the  output  of  the  tachom¬ 
eter  and  also  cause  a  change  in  value  of  the  resistive  and  capacitive 
elements® 


A  search  of  the  literature  and  manufacturers5  specifications 
for  information  regarding  the  temperature  dependent  performance  of 
tachometers  was  not  fruitful  and  in  order  to  evaluate  this  effect, 
measurements  were  made  on  the  tachometer  which  was  to  be  used  in  the 
computer*  These  measurements  indicated  a  tachometer  temperature  co¬ 
efficient  of  output  voltage  of  less  than  ©01$/°C®  Thus,  if  the  tachom¬ 
eter  transfer  function  is  determined  at  a  given  ambient  temperature, 
variations  of  -  20°C  about  this  ambient  will  result  in  an  error  due  to 
temperature  of  *2%  of  full  scale  voltage®  This  performance  is  regarded 
as  satisfactory® 

The  output  of  the  potentiometers  will  not  be  affected  by 
changes  in  temperature  since  they  are  operated  as  voltage  dividers  and 
temperature  changes  will  affect  the  resistance  on  each  side  of  the  dividing 
point  in  the  same  proportion* 


The  remaining  resistive  elements  in  the  computer  are  the  con¬ 
troller  tube  cathode  resistor  and  the  resistor  R^  (See  Figure  5)* 


Changes  in  R^^  which  will  result  in  a  change  of  the  controller 
output  current  will  be  compensated  for  automatically  by  the  self- 
balancing  characteristics  of  the  servo-amplifier  motor  system® 
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Changes  in  the  value  of  R^  must  be  carefully  considered,  how- 
ever*  since  the  controller  output  current  is  given  by  Equation  17  as? 


i  =  ^Sl£ 


o  ©  ©  o  o  © 


(17 


and  therefore  i  is  affected  inversely  by  changes  in  R  •  Thus,  R 

3  3 

must  have  a  low  temperature  coefficient  of  resistance©  If  a  change  in 

R  of  0®2%  is  to  be  permitted  for  an  ambient  temperature  change  of  20°C, 

3 

the  maximum  temperature  coefficient  of  resistance  will  be  oQl$/°Co  This 
can  be  achieved  without  difficulty  since  resistance  wire  having  a  tempera¬ 
ture  coefficient  of  resistance  as  low  as  «002%/°C  is  available® 

High  quality  plastic  film  capacitors  are  little  affected  by 
temperature  changes**  A  representative  temperature  coefficient  of  capa¬ 
city  is  •01^/°C  and  therefore  a  change  of  20 °C  would  result  in  a  capaci¬ 
tance  change  of  only  Q*2%* 


b)  Humidity? 

As  discussed  previously,  the  leakage  resistance  of  the  inte¬ 
grating  capacitor  is  important  to  the  performance  of  the  computer®  The 
leakage  resistance  of  the  capacitor  itself  can  be  maintained  at  a  high 
value  by  specifying  a  hermetically  sealed  unit  having  glass  terminals® 
Since  external  connections  must  be  made  to  the  capacitor,  care  must  be 
used  in  choosing  the  insulation  between  these  external  connections  and 
ground  in  order  that  this  insulation  will  not  be  adversely  affected  by 
high  humidity  o  Satisfactory  performance  can  be  effected  by  using  insula¬ 
ting  materials  such  as  glazed  porcelain,  polystyrene,  nylon,  polyethylene 


or  Teflon. 
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IV.  FINAL  COMPUTER  DESIGN 

The  following  discussion  will  be  limited  to  an  exposition  of 
the  application  of  the  principles  discussed  in  the  previous  section  insofar 
as  they  affect  and  control  the  specification  of  the  electrical  compon¬ 
ents  used  in  the  computer©  A  complete  discussion  of  the  computer  design 
is  contained  in  Appendix  B. 

A.  SERVO  AMPLIFIER  1  AND  THE  LINEAR  POTENTIOMETER 

As  discussed  in  Section  III  CP  Subsection  ii  and  referring  to 
Figure  5?  servo  amplifier  1  balances  the  radius  signal  E^  against  the  out¬ 
put  of  potentiometer  P^  so  as  to  obtain  a  shaft  rotation  ©  which  is  pro¬ 
portional  to  the  drill  hole  radius  r<>  From  Appendix  A,  the  magnitude  of 

E  corresponding  to  the  maximum  hole  radius  will  be  approximately  one 

r 

volt®  This  specifies  the  reference  voltage  Y  shown  in  Figures  3  and  5<, 

As  discussed  in  Appendix  B*  a  means  of  adjusting  this  reference  voltage 
is  provided  in  order  that  it  may  be  made  equal  to  E^ 

The  servo  amplifier  must  be  able  to  accept  a  signal  of  the  order 
of  one  volt  and  provide  sufficient  output  to  drive  the  servo  motor.  For 
this  purpose  a  standard  Minneapolis “Honeywell  Brown  servo  system  (IT) 
using  a  27  rpm  motor  directly  coupled  to  the  potentiometers  was  speci¬ 
fied.  The  Brown  amplifier  is  designed  to  operate  from  a  signal  source 
having  a  maximum  impedance  of  a  few  thousand  ohms.  Since  the  Halli¬ 
burton  caliper  signal  source  impedance  is  of  the  order  of  100>000  oh&s, 
an  impedance  matching  preamplifier  must  be  inserted  between  the  caliper 
tool  output  and  the  input  to  the  servo  amplifier©  The  circuit  details 
are  contained  in  Appendix  B. 
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From  the  results  of  th©  theoretical  performance  analysis*  a 
Technology  Instrument  Corporation  Type  RV  1  5/8  linear  potentiometer 
having  a  linearity  tolerance  of  0*5%  was  specified  for  This  poten¬ 

tiometer  has  an  electrical  rotation  angle  of  350°*  which  must  therefore 

correspond  to  the  maximum  drill  hole  radius  r  «  If  r  is  taken  as  15 

max  max 

inches  or  1©25  feet^,  the  corresponding  scale  factor  ^  ~  280  degrees/foot© 
B®  THE  TACHOMETER 

The  tachometer  produces  an  output  voltage  which  is  to  be  pro™ 
portional  to  the  rate  of  logging  dx/dt©  The  shaft  of  th©  tachometer 
will  be  driven  by  a  selsyn  motor  which  is  to  be  excited  by  the  Halliburton 
master  selsyn  generator  which  in  turn  is  coupled  to  the  logging  cable 
measuring  sheaveo  The  shaft  of  the  Halliburton  selsyn  generator  turns 
three  revolutions  for  each  foot  of  cable  passing  over  th©  measuring 
sheave  and  thus  the  tachometer  selsyn  and  the  tachometer  itself  will 
follow©  Th©  corresponding  scale  factor  will  therefore  be  -<g  53  1080 
degrees/foot© 

An  Instrument  Motors  Type  M-24“012  tachometer  was  specified  for 
use  in  the  computer©  This  tachometer  has  a  linearity  tolerance  of  1%  for  a 
speed  range  up  to  5000  rpm©  Th©  maximum  caliper  logging  speed  is  150  feet/ 
min*  and  therefor©  the  maximum  tachometer  speed  will  b©  450  rpm©  The 
linearity  of  this  tachometer  in  the  speed  range  0  to  450  rpm  was  found 
to  be  approximately  0S%  which  is  the  same  as  the  linearity  requirements 
suggested  by  the  theoretical  performance  analysis©  The  output  of  the 

tachometer  was  found  to  be  0*9882  volts  per  100  rpm  and  therefore  th© 

<=>2 

transfer  function  of  the  tachometer  is  -  0©1647  x  10  volt  seconds/ 


degree. 
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Co  THE  SQUARE  LAW  POTENTIOMETER 

A  Technology  Instrument  Corporation  Type  RV  1  5/8  -  S347 
square  law  potentiometer  having  a  conformity  of  0*5$  was  specified  for 
use  in  the  computer*  The  unit  has  an  electrical  rotation  angle  of  350° 
which  is  the  same  as  that  of  the  linear  potentiometer*  The  linear  and 
square  law  potentiometers  are  mounted  on  the  same  shaft  and  their  sliders 
were  phased  by  the  manufacturer  so  that  the  resistance  between  the 
sliders  and  the  resistance  function  *  0  terminal  of  each  potentiometer 
was  zero  when  the  electrical  rotation  angle  was  zero* 

The  total  resistance  of  the  potentiometer  as  measured  by  the 
manufacturer  is  9867  ohms* 

The  maximum  electrical  angle  of  rotation  of  both  potentiometers 

defines  0  and  therefore  ©  *  350  degrees* 

max  max 

D*  THE  COMPUTER  OUTPUT  SCALE  FACTOR 

Before  the  values  of  the  components  comprising  the  remaining 
elements  of  the  computer  can  be  specified*  it  is  necessary  to  set  the  com- 
puter  output  scale  factor*  This  scale  factor*  designated  by  relates 
the  integrating  capacitor  voltage  to  the  volume  of  drill  hole  logged* 

A  convenient  maximum  voltage  for  the  integrating  capacitor  to  attain  is 
300  volts 0  The  drill  hole  volume  which  this  voltage  is  to  represent  is 
not  so  simply  chosen* 

If  the  full  scale  deflection  on  the  drill  hole  volume  record 
is  to  represent  the  total  volume  of  the  deepest  and  largest  hole  which 
might  be  met  in  practice*  it  would  have  to  represent  a  volume  of  the 
order  of  50*000  ft  *  Since  a  record  a  few  inches  wide  may  be  read  to 
the  nearest  0«1$*  the  corresponding  reading  accuracy  would  be  50  ft^* 


Suppose  this  same  instrument  is  used  to  lop;  a  smaller  hole*  which  for 
argumentative  purposes*  let  us  say  has  an  average  radius  of  four  inches « 

rz 

The  volume  of  500  lineal  feet  of  the  hole  is  175  ft  *  If  this  volume 
were  read  from  a  chart  having  the  full  scale  calibration  postulated  above 
the  uncertainty  in  reading  the  required  volume  would  be  almost  30/£® 

Although  the  full  scale  calibration  of  the  drill  hole  volume 
record  could  be  varied  so  as  to  be  only  somewhat  larger  than  the  antici¬ 
pated  volume  of  the  specific  hole  being  logged*  such  a  procedure  would 
not  be  entirely  satisfactory* 

The  following  is  a  description  of  the  method  of  presenting  the 
drill  hole  volume  information  which  was  finally  adopted* 

The  maximum  voltage  of  the  integrating  capacitor  represents  a 
definite  and  constant  volume*  The  full  scale  deflection  of  the  volume 
chart  represents  this  same  volume*  When  the  integrating  capacitor 
charges  to  its  maximum  voltage*  a  trigger  circuit  operates  a  relay  which 
discharges  the  capacitor*  after  which  the  relay  opens  and  permits  the 
capacitor  to  recharge*  The  volume  record  reflects  the  performance  of 
the  capacitor*  going  from  the  full  scale  volume  deflection  to  zero  volume 
then  recording  the  volume  of  the  next  increment  of  hole  logged  as  the 
capacitor  recharges*  The  type  of  record  which  would  be  thereby  obtained 
is  shown  in  Figure  9*  In  interpreting  the  record*  the  volume  between 
two  given  depths  would  be  obtained  by  counting  the  number  of  times  the 
full  scale  increment  of  hole  volume  had  been  reached  and  adding  to  this 
the  volume  of  hole  between  the  depths  of  interest  and  the  adjacent  full 
scale  deflection  return  lines* 

Details  of  the  system  whereby  the  triggering  of  the  capacitor 

discharge  relay  is  effected  are  contained  in  Appendix  B* 


' 
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3 

A  convenient  full  scale  volume  calibration  is  500  ft"'*  The 

3 

reading  accuracy  such  a  chart  would  be  0*5  ft  and  the  uncertainty  in 
reading  a  volume  would  be  less  than  1%  for  volumes  greater  than  10  ft  * 


If  the  maximum  integrating  capacitor  voltage  is  3OO  volts  and 
if  this  represents  500  ft^  of  hole  volume*  the  scale  factor  *<  =  0*6 


volts  ft  * 


E©  THE  INTEGRATING  CAPACITOR 

The  capacitor  used  in  the  integrating  circuit  must  meet 
certain  requirements©  It  must  have  a  high  leakage  resistance  and  must 
also  be  stable  and  have  a  low  temperature  coefficient  of  capacity*  Since 
the  capacitor  is  to  be  momentarily  discharged  during  a  run*  it  must  have  a 
low  dielectric  absorption©  These  requirements  can  be  met  by  the  speci- 
fication  of  plastic  film  dielectric  capacitors  (18)© 

wStabelex  Dn  plastic  film  capacitors  manufactured  by  the  Indus¬ 
trial  Condenser  Corporation  were  specified  for  use  in  the  drill  hole  volume 
computer*  These  capacitors  have  the  following  characteristics  (19) s 

Leakage  resistance -capacity  product  or  self-time  constant* 
at  15°C  1*5  x  10^  seconds 

at  30  C  1*0  x  10  seconds 

_  r 

at  45°C  0©5  x  10  seconds 

Temperature  coefficient  of  capacity?  0o01%/°C 

Dielectric  absorption  after  10  millisecond  discharge  through 
one  ohm?  less  than  0©1$  of  initial  charging  voltage 

Preliminary  calculations  suggested  that  a  nominal  capacitance 
of  20  microfarads  would  be  desirable  in  the  integrating  circuit©  Later 
development  work  confirmed  this  as  a  satisfactory  choice©  Measurements 


, 
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mad©  upon  the  delivered  capacitors  (consisting  of  two  units  of  10  micro- 
farads  each)  determined  their  actual  total  capacitance  as  21* 5~  0*1 

microfar ads* 


Knowledge  of  the  integrating  capacitor  capacitance  permits 

specification  of  its  minimum  leakage  resistance.  From  Equation  36* 

RT>  . (36 

L  2  pC 


The  maximum  period  of  time  over  #1  ich  current  integration 
will  procede  is  given  by? 


t. 

1 


V 


2  . 

nr  min 


WY~ 

(dt)min 


where s  V  =  drill  hole  volume  represented  by  fully  charged 

capacitor 

r  .  *  minimum  drill  hole  radius 
mm 

(dx/dt  )mj_n=  minimum  logging  velocity 

•55 

Since  V  has  been  chosen  as  500  ft  ,  rmin  “  0*3^25  ft 
and  (dx/dt )^n=  0*5  ft/sec, 
t^  =  3260  seconds 

If  the  fractional  error  p  in  the  integrated  current  is  to  be 

less  than  1%,  substitution  in  Equation  36  gives  >  8150  megohms. 

Since  "Stabel ex  D”  capacitors  have  a  self -time  constant  of 
1  x  10^  seconds  at  30°C*  the  equivalent  leakage  resistance  for  a  20 
microfarad  capacitor  will  be  50*000  megohms*  Therefore  the  nStabelex  Dw 
capacitor  will  be  satisfactory  from  the  standpoint  of  leakage  resistance* 


Since  the  temperature  change  in  capacitance  is  0®01%/^C,  for  a 
temperature  change  of  20 °C  the  change  in  capacitance  will  be  0o2% 

which  will  contribute  little  to  the  final  computer  error o 
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The  dielectric  adsorption  of  the  capacitor  will  result  in  an 
error  of  0ol%  of  the  drill  hole  volume  represented  by  the  fully  charged 
capacitor©  Although  this  error  cumulates  as  the  capacitor  makes  a 
number  of  excursions  between  its  maximum  voltage  and  zero,  the  per  cent 
error  in  the  total  volume  will  still  be  0ol%  since  the  incremental 
volumes  are  also  cumulated® 

Fo  THE  CURRENT  CONTROLLER 


The  maximum  current  output  of  the  current  controller  circuit 
is  given  by  Equation  20s 

2 

1  —  Jl  ©<  Cr  (dx)  ett«»o«»e(20 

max  3  max  v ' 

(dt)max 

Since  the  following  factors  have  been  previously  determined, 

«,  -  0.6  volts/ft3  (£>  "  2.5  ft/sec. 

*  (dt)max 

1.25  ft.  C 


max 


21 o 5  x  10  farads 


substitution  in  Equation  20  gives g 

■^max  ~  3-58° 3  microamperes 

Knowledge  of  imax  permits  the  value  of  the  controller  tube 
cathode  resistor  R^  to  be  determined®  Referring  to  Figure  4 s>  the 

u 

current  controller  tube  operates  similar  to  a  cathode  follower  and  thus 
the  voltage  appearing  across  the  cathode  resistor  is  approximately  equal 
to  the  voltage  appearing  between  the  controller  tube  grid  and  the  lower 
end  of  the  cathode  resistor®  The  lower  end  of  R^  is  connected  to  a  tap 
on  potentiometer  whioji  is  located  at  a  point  such  that  three-quarters 
of  the  total  resistance  appears  between  the  tap  and  the  upper  end  of  the 
potentiometer  and  therefore  the  maximum  voltage  applied  to  the  grid  of 
the  tube  is  3  Since  this  voltage  will  be  approximately  equal  to  the 

T 
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voltage  drop  across  R  , 
k 


5  B. 


max 


Rk‘ 


If  we  choose  Eg=  90  volts, then  R^  *  4«27  x  10 J  ohmso  Since 
5 

is  not  critical*  4«0  x  10  ohms  will  be  satisfactory  and  will  permit 
a  current  flow  which  is  slightly  greater  than  the  maximum  required® 

If  the  integrating  capacitor  is  to  charge  to  300  volts*  the 


current  controller  plate  supply  voltage  E^  must  be  somewhat  greater 
than  this  voltage  plus  the  screen  to  cathode  voltage  E^*  Eg^  is  not 
critical  and  if  it  is  set  at  45  volts,  E^  must  be  greater  than  345  volts 
Setting  Ep  equal  to  approximately  400  volts  will  ensure  satisfactory  per- 
f ormanc  e0 


G®  SPECIFICATION  OF  RESISTOR  R^ 

Referring  to  Figure  4  and  as  discussed  in  Section  III  C,  Sub¬ 
section  iii,  the  servo  amplifier  2  controls  the  current  controller  out¬ 
put  current  i  such  that* 

E  -  ”  i  R  oooooeoo (8 

sip  3  v 

From  Equation  16,  R  is  given  byg 

2  3 

R_  -  'S.  *2PI  ........(38 

■>  2 

n  ®<^CG  max 


The  following  factors 

have  been  defined  previous lyg 

^  »  280  degrees/foot 

=  O0I647  x  10  volt  sec/degree 

*<2  -  1080  degrees/foot 

C  =  21.5  x  lo*6  farads 

«<_  s  O06  volts/ft^ 

3 

®max  =  350  deSrees 

and  substitution  in  Equation  38  gives g 

4 

R  e  2®815  x  10  ohms* 

3 
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The  maximum  signal  source  impedance  seen  by  servo  amplifier  2 

will  be  equal  to  R  plus  the  maximum  resistance  of  the  square  law  poten* 

3 

tiometer  or  approximately  40  thousand  ohms®  This  large  impedance  sug¬ 
gests  that  if  a  standard  Brown  servo  amplifier  is  to  be  used,  an 
impedance  changing  preamplifier  might  be  required® 


By  reducing  the  magnitude  of  the  transfer  function  it  is 
possible  to  reduce  the  size  of  R^,  making  a  preamplifier  unnecessary® 
The  factor  p^  may  be  reduced  by  the  method  shown  in  Figure  1Q»  A  resis¬ 
tor  R  is  placed  in  series  with  the  tachometer  and  the  square  law  poten* 
s 

tiometer®  The  voltage  across  the  potentiometer  is  therefore* 


K  s  R0  v 
T  - £_ -  Et 

Rs  +  S2 


from  which* 

0*  =  ET  =  R2  -  R2  p, 

0l>  R+R„  c ti  R  *  R0 

S  <d  S  <L 

If  R  ~  100,000  ohms,  and  since  R0  ■  9s>867  ohms, 
s  z 

0*=  0.08981  0X  -  0.1479  x  lo"?. 

Substituting  the  same  factors  in  Equation  38  but  using  p^  instead  of  p^, 
R^  “  2,528  ohms 

The  maximum  signal  source  impedance  will  now  be  approximately 
13,000  ohms,  which  permits  the  use  of  the  Brown  servo  amplifier  directly® 


The  maximum  input  voltage  to  servo  amplifier  2  will  be  given  by* 

i  R  =  158.0  x  10"6  x  2528  =  0.5994  volts 
hi&x  5 

A  signal  of  this  magnitude  may  be  accepted  directly  by  the 


Brown  servo  simplifier 
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V.  LABORATORY  TEST  OF  THE  COMPUTER 

The  laboratory  tests  of  the  computer  which  are  described 
below  comprise  an  investigation  of  the  performance  of  individual  com¬ 
puting  elements  and  an  investigation  of  Hie  performance  of  the  computer 
as  a  whole© 

Performance  testing  of  the  individual  elements  consisted  of 
determining  the  accuracy  of  the  linear-square  law  potentiometer  combina- 
tionj,  the  leakage  resistance  associated  with  the  integrating  capacitor 
and  the  minimum  current-controller  current© 


Tests  of  the  complete  computer  evaluated  its  performance  under 
conditions  simulating  actual  field  operation  of  the  computer©  These 
tests  included  runs  simulating  drill  holes  having  different  constant 
radii5  a  drill  hole  having  a  constant  radius  but  logged  at  different 
speeds  and  a  run  which  reproduced  the  input  signals  which  would  be  ob¬ 
tained  during  logging  an  actual  well© 

A®  ACCURACY  OF  THE  LINEAR-SQUARE  LAW  POTENTIOMETER  COMBINATION 


io  Method  of  Investigation 

The  shaft  rotation  angle  9  necessary  to  obtain  a  resistance  R£ 
between  the  output  terminals  of  a  linear  potentiometer  is  given  by« 


where 


R»  9 
1  max 


•(39 


R^  =  total  resistance  of  the  linear  potentiometer 


The  resistance  between  the  output  terminals  of  the  square  law 


potentiometer  is  given  by? 


9‘ 


2  ^ 2 

r  d 

max 


(40 


where  RQ  =  total  resistance  of  square  law  potentiometer. 
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Both  potentiometers  are  driven  by  the  same  shaft  and  their 
sliders  are  phased  such  that  the  resistance  between  the  output  terminals 
of  each  potentiometer  is  zero  when  9-0.  If  the  slider  of  the  linear 
potentiometer  is  adjusted  so  that  the  resistance  between  its  output 
terminals  is  equal  to  Rj*  the  resistance  between  the  output  terminals 
of  the  square  law  potentiometer  is  given  byg 


« 


...O.OOO (41 


Equation  41  may  be  applied  in  testing  the  linear-square  law 
potentiometer  combination  as  follows. 


1)  The  total  resistance  of  each  potentiometer  is  measured. 

2)  The  shaft  of  the  potentiometer  combination  is  adjusted 

so  that  a  given  resistance  is  obtained  between  the  output 
terminals  of  the  linear  potentiometer. 

3)  Without  disturbing  the  shafts  the  resistance  between  the 
output  terminals  of  the  square  law  potentiometer  is  measured. 

4)  The  resistance  which  would  have  been  measured  in  Step  3  if 
the  potentiometers  had  no  errors  is  calculated  from  Equa¬ 
tion  41® 

5)  The  error  of  the  combination  for  the  given  setting  is 
given  by  the  difference  between  the  measured  resistance 
and  the  calculated  (correct)  resistance,, 

6)  The  above  procedure  is  repeated  at  a  number  of  points 
covering  the  range  of  the  potentiometers. 

ii.  Results 

The  error  in  the  output  of  the  linear -square  law  potentiometer 
combination  used  in  the  computer  is  shown  in  Figure  11.  Also  shown  for 
comparison  are  curves  of  the  theoretical  limiting  and  probable  errors 
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as  calculated  from  Equations  32  and  33  for  potentiometer  tolerances 
of  0o5^°  The  tachometer  term  is  not  included  in  the  latter  calculations© 


It  will  be  seen  from  Figure  11  that  the  error  in  the  output  of 

the  potentiometer  combination  is  greater  than  5%  for  a  range  of  3*6 

r  /r^  5o0o  If  r  equals  15  inches,  the  corresponding  drill  hole 
max  max 

radius  range  is  3W<  r  <  4*2  B*  This  performance  is  not  entirely  satis¬ 
factory  since  as  noted  in  a  previous  section,  a  drill  hole  having  a 
radius  of  3© 75  inches  might  be  met  in  practice,  and  for  sections  having 
this  radius,  the  error  in  the  computer  output  due  to  the  potentiometer 
inaccuracies  alone  would  be  greater  than  If  the  drill  hole  radius 

is  greater  than  4*2  inches,  however,  (and  this  would  normally  be  the 
case)  the  potentiometer  contribution  to  the  total  error  would  be  less 
than  5%  and  therefore  for  the  development  model  of  the  drill  hole 
volume  computer,  the  Qo5%  tolerance  potentiometers  are  considered  satis¬ 
factory* 


In  order  to  reduce  the  error  due  to  the  potentiometers  chosen 
for  the  development  model,  the  following  remedial  measures  could  be 
taken® 


a) 


b) 


The  value  of  r  could  be  reduced  to  12*5  inches* 
max 


This 


would  permit  a  drill  hole  having  a  minimum  radius  of  3*5 
inches  to  be  logged  with  a  potentiometer  error  contribu¬ 
tion  of  less  than 

The  phasing  of  the  potentiometer  sliders  could  be  ad¬ 
justed  so  as  to  reduce  the  error  in  the  region  rmaxA  =  4< 
This  adjustment  would  be  made  at  the  expense  of  accuracy 
in  other  regions  of  rmax/r® 


The  above  measures  are  merely  means  of  circumventing  the 


correct  solution  to  the  problem  which  is  to  use  potentiometers  having 


' 
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lower  tolerances*  Potentiometers  having  0o2%  tolerance  would  probably 
afford  satisfactory  performance® 

It  is  interesting  to  note  in  Figure  11  that  the  observed  error 
for  the  potentiometer  combination  is  considerably  lower  than  the  theoreti¬ 
cal  limiting  error®  Thus  it  appears  that  a  design  based  upon  the  concept 
of  a  theoretical  limiting  error  would  b  e  too  conservative®  The  ob¬ 
served  error  exceeds  the  theoretical  probable  error  in  some  regions, 
however ^  and  a  design  based  upon  the  latter  concept  would  appear  to 
have  an  inadequate  factor  of  safety®  Reference  16  suggests  that  results 
obtained  from  the  probable  error  theory  maybe  expected  to  be  correct 
within  a  factor  of  two©  For  the  analysis  of  the  performance  of  the 
linear-square  law  potentiometer  combination^  this  has  been  verified© 

Bo  LEAKAGE  RESISTANCE  ASSOCIATED  WITH  THE  INTEGRATING  CAPACITOR 
1©  Method  of  Investigation 

Leakage  of  charge  from  the  integrating  capacitor  may  occur 
through  the  following  paths  (See  Figure  B-l^  Appendix  B)g 

lo  The  internal  leakage  resistance  of  the  capacitor 

2©  Vacuum  tube  voltmeter  grid  current 

3®  Through  the  current -controller  and  vacuum  tube  voltneter 
tub©  bases  and  sockets  to  ground 

4©  Through  the  discharge  relay  contact  insulation 

5©  Through  the  current-controller  grid  voltage  potentiometer 
to  the  servo  motor  to  ground© 

The  equivalent  capacitor  leakage  resistance  resulting  from 
the  parallel  combination  of  these  paths  must  be  higher  than  the  mini¬ 
mum  allowable  leakage  resistance  of  8150  megohms  specified  in  Section  IV-E* 


The  equivalent  leakage  resistance  can  be  determined  6y  charging 


.  wM 
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the  integrating  capacitor  and  reading  the  decline  in  voltage  as  a  function 
of  time©  A  simple  graphical  analysis  of  these  data  permits  the  leakage 
resistance  to  be  obtained© 

In  performing  the  test*  the  current-controller  plate  voltage 
was  removed*  thus  ensuring  that  no  charge  would  leak  onto  the  capacitor© 
The  capacitor  voltage  was  measured  indirectly  by  measuring  the  voltage 
at  the  cathode  of  the  computer  vacuum  tube  voltmeter  tube  (see  Appen¬ 
dix  B  and  Figure  B-l)o 

ii©  Results 

The  results  of  the  first  leakage  test  performed  upon  the  capaci¬ 
tor  and  the  associated  components  are  given  in  Table  ICE©  The  leakage 
resistance  was  found  to  be  4000  megohmso  Since  this  was  lower  than  the 
minimum  value  acceptable*  it  was  evident  that  the  system  required  im¬ 
provement  in  this  regard©  The  most  likely  source  of  leakage  was  thought 
to  be  through  the  current-  controller  grid  potentiometer  and  therefore 
a  polystyrene  coupling  between  the  potentiometer  shaft  and  the  motor  was 
fabricated  and  a  second  test  performed©  The  results  of  this  test  are 
contained  in  Table  IV©  These  data  gave  a  leakage  resistance  of  13*200 
megohms©  Since  this  met  the  requirements  of  the  integrating  circuit* 
no  further  attempts  to  improve  the  leakage  characteristics  were  made® 

C®  RESIDUAL  CURRENT-CONTROLLER  CURRENT 

i©  Method  of  Investigation 

The  residual  current-controller  current  was  determined  in¬ 
directly  by  measuring  the  rate  of  voltage  rise  on  the  initially  un¬ 
charged  integrating  capacitor©  A  simple  graphical  analysis  of  the 
results  permits  the  current  entering  the  capacitor  to  be  obtained© 

For  this  test*  all  external  connections  to  the  capacitor  excepting  the 
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current-controller  were  removed^  thus  minimizing  any  errors  which  might 
result  due  to  external  leakage#  The  voltage  decline  due  to  the  self 
time  constant  of  the  capacitor  was  not  measureable  over  a  period  of 
time  comparable  to  that  used  for  the  test®  Measurements  of  the  capaci¬ 
tor  voltage  were  made  with  a  General  Radio  Company  Type  1800-A  vacuum 
tube  meter  which  has  an  input  impedance  of  several  thousand  megohms# 

The  meter  was  attached  to  the  capacitor  only  while  a  measurement  was 
being  made# 


ii°  Results 

The  results  of  the  residual  current  measurements  are  given 
in  Table  ¥  #  The  minimum  residual  current  was  found  to  be  0#082  x  10 
amperes# 


From  Equation  37*  the  maximum  residual  controller  current  is 


given  by g 


where  ■ 


_  p  C  E 


res 


C  max 


(3? 


C  -  integrating  capacitor  capacitance 
p  «  allowable  fractional  error  due  to  i 

res 

^Cmax  *  maximum  integrating  capacitor  voltage 

t  =  period  of  time  during  which  logging  may  be 
halted  for  a  fractional  error  less  than  p0 

For  a  current  of  0#082  x  10~  amperes *  p  -  #01*  ^Qmax  =  300 
volts  and  C  -  21#5  mfd*  the  maximum  permissable  period  over  which 
logging  may  be  stopped  is  790  seconds  or  13  minutes#  Thus  reasonably 
long  interruptions  in  logging  per  charge  cycle  of  the  integrating 
capacitor  may  occur  without  requiring  the  application  of  corrections 


to  the  final  record 
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Do  OPERATING  CHARACTERISTICS  OF  THE  COMPLETE  COMPUTER 
ie  Method  of  Investigation 

The  operating  characteristics  of  the  complete  computer  were 
obtained  by  simulating  the  input  signals  which  the  computer  would  receive 
during  the  logging  of  a  wello  These  signals  were  fed  to  the  computer 
and  the  computer  output  recorded©  A  record  of  the  radius  input  signal 
permitted  calculation  of  the  volume  simulated  and  by  comparing  this 
with  the  computer  output  volume,,  a  measure  of  the  accuracy  of  the  com¬ 
puter  was  obtainedo 

The  details  of  the  simulation  system  are  presented  in  Figure  12« 
The  main  part  of  the  system  is  a  dual  pen  strip  chart  recorder*  The 
chart  roller  transports  a  chart  upon  which  has  been  previously  plotted 
the  drill  hole  radius  curve  which  is  to  be  simulated  by  the  system© 

The  output  of  Hie  computer  is  recorded  as  a  function  of  depth  on  the 
same  chart©  The  chart  roller  is  driven  by  a  synchronous  motor  through  a 
system  of  gears©  A  direct  mechanical  connection  is  made  between  the 
recorder  chart  motor  and  the  computer  tachometer^  the  output  of  which  is 
fed  to  the  square  law  potentiometer  in  the  computer©  The  chart  motor  is 
powered  by  a  power  amplifier  and  an  audio  oscillator©  The  speed  of  the 
chart  motor  is  therefore  controlled  by  the  frequency  generated  by  the 
oscillator  and  thus  changing  Hie  latter  permits  changes  in  logging  vel¬ 
ocity  to  be  simulated©  The  output  voltage  from  a  potentiometer  battery 
combination  is  fed  to  the  computer  and  also  to  the  ’radius®  pen  of  the 
recorder©  This  provides  the  radius  signal  input  to  the  computer©  The 
computer  output  is  fed  to  the  ’volume®  pen  of  the  recorder© 

In  operation^  the  recorder  chart  motor  is  energized©  The 
recorder  radius  pen  is  controlled  by  manually  manipulating  the  poten- 
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tiometer  radius  input  knob  such  that  the  pen  follows  the  radius  curve 
plotted  on  the  charto  This  provides  a  voltage  input  to  the  computer 
which  is  proportional  to  the  radius  plotted  on  the  charto  The  radius 
pen  records  its  deflection  on  the  chart  and  thus  if  the  plotted  curve 
is  not  followed  exactly*  the  recorded  curve  can  be  used  for  calculating 
the  simulated  volumeo  To  simulate  changes  in  the  logging  velocity* 
the  frequency  of  the  oscillator  can  be  changed  arbitrarily  during  the 
course  of  a  run©  This  will  change  the  speed  of  the  tachometer  and 
recorder  chart  proportionately© 


To  apply  the  system  shown  in  Figure  12*  it  is  necessary  to 
determine  the  scale  factor  The  remaining  scale  factors  and  transfer 

functions  remain  as  previously  determined© 

The  scale  factor  i-s  defined  as  § 


^2  *  ^ack°me'fcer  sho^t  angular  velocity*  ft/sec 


Sate  of  logging*  ft/sec 


ov 

dx 

dt 


With  an  input  frequency  of  60  cps*  the  angular  velocity  of 
the  chart  motor  is  180  rpm  or  1080  degrees/sec  and  the  linear  travel  of 
the  recorder  chart  is  one  inch  in  7o5  seconds©  If  the  desired  radius 
curve  is  plotted  such  that  one  inch  of  chart  travel  represents  15  feet 
of  drill  hole  depth*  the  equivalent  logging  velocity  is  2  ft/sec©  and 
thus  *<2  =  540  degrees/ft©  The  factor  ^  determines  the  size  of  resis¬ 
tor  R_  as  given  by  Equation  58©  Resistor  R  was  previously  determined 
3  3 

as  2528  ohms  with  -  1080  degrees/ft©  With  =  54O  degrees/ft*  R 
2  23 

becomes  1264  ohms© 

With  this  one  change*  the  system  depicted  in  Figure  12  may  be 

used  with  the  computer  design  as  previously  determined  to  evaluate  the 

operating  characteristics  of  the  computer  as  a  whole©  Figure  I3  is  a 

collection  of  photographs  showing  the  apparatus  used  in  testing  the 
complete  computer® 


' 
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ii©  Results 

The  error  performance  of  the  complete  computer  was  deter- 
mined  by  running  three  separate  tests0  The  first  test  determined 
the  computer  error  in  logging  at  a  constant  velocity  ideal  drill  holes 
having  different  constant  radii®  The  second  test  determined  the  com¬ 
puter  error  due  to  changes  in  logging  velocity  while  the  third  test 
was  a  run  simulating  the  type  of  radius  signal  which  would  be  encount¬ 
ered  in  logging  an  actual  drill  hole®  The  results  of  these  tests 
will  be  discussed  separately  below® 

a®  The  constant  radius  drill  hole  test 

The  constant  radius  test  comprised  a  series  of  runs  simulating 
drill  holes  having  different  constant  radii  of  3  through  10  inches 5 
with  the  radius  for  each  successive  test  increasing  by  one  inch®  To 
eliminate  the  effect  of  any  tachometer  non-linearity#  these  runs  were 
made  at  a  constant  logging  velocity  equivalent  to  120  feet  per  minute® 
For  a  given  radius#  the  run  was  continued  until  the  computer  indicated 
a  volume  of  250  cubic  feet  at  which  point  the  run  was  terminated® 

The  number  of  feet  of  hole  necessary  to  obtain  this  volume  was  read 
from  the  recorder  chart  and  the  actual  volume  of  a  hole  of  this  depth 
was  calculated®  The  difference  between  this  volume  and  the  computed 
volume  of  250  cubic  feet  gave  the  computer  error  at  the  given  radius® 

The  recorder  chart  from  the  constant  radius  test  is  repro¬ 
duced  in  Figure  14  while  the  results  of  the  test  are  given  in  Table  VI® 
It  will  be  noted  that  the  radius  scale  of  Figure  14  covers  a  range 
of  0  to  10  inches®  This  scale  was  chosen  for  convenience#  the  computer 
being  calibrated  for  a  maximum  radius  of  15  inches  as  discussed 
earlier©  The  stepped  appearance  of  the  volume  curve  is  caused  by  the 


. 
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limited  resolution  of  the  recorder  and  is  not  a  characteristic  of 
the  computer  output* 

Table  VI  shows  that  the  computer  error  varied  from  8*15/6 
for  a  radius  of  3  inches  to  -2*27%  for  a  radius  of  10  inches 5  the 
negative  error  indicating  that  the  computer  volume  was  smaller  than 
the  true  volume  of  the  hole*  The  computer  error  given  in  Table  VI 
is  plotted  on  Figure  15  as  a  function  of  rmax/r  «  The  observed 
error  of  the  linear-square  law  potentiometer  combination  is  plotted 
on  the  same  figure* 

It  will  be  noted  that  for  rmax/r  l©ss  than  3*75*  the  curves 
have  approximately  the  same  slope$  indicating  that  the  error  of  the 
computer  is  primarily  governed  by  the  errors  of  the  potentiometers* 

The  computer  curve  is  lower  than  the  potentiometer  error  curve  however 9 
suggesting  that  there  is  a  consistent  error  in  the  computer*  This 
is  probably  due  to  one  or  more  small  errors  in  the  calibration  of  the 
computer  but  its  cause  was  not  sought  since  it  was  thought  that  the 
computer  error  performance  as  shown  on  Figure  15  was  satisfactory* 

For  rma3C/r  “5  (r  =  3  inches  the  computer  error  is 
some  3 %  higher  than  the  potentiometer  erroro  The  reason  for  this 
behavior  could  not  be  determined*  It  was  conclusively  proven  by 
experiment  and  also  by  the  application  of  Equation  35  that  the  error 
was  not  due  to  leakage  of  charge  from  the  integrating  capacitor 5 
although  this  would  cause  a  deviation  in  the  correct  direction* 


b*  The  variable  logging  velocity  test 

Figure  16  and  Table  VII  present  the  results  of  the  test 
which  determined  the  computer  error  due  to  variations  in  logging 
velocity*  The  curves  were  obtained  for  a  constant  radius  of  7  inches 
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while  the  equivalent  logging  velocity  was  varied  from  42*5  to  195 
feet  per  minute*  During  a  run*  the  logging  velocity  was  maintained 
at  a  constant  value  until  the  computer  registered  a  volume  of  250 
cubic  feet©  The  number  of  feet  of  hole  necessary  to  obtain  this 
volume  at  the  given  rate  of  logging  was  read  from  the  chart  and  a 
run  at  a  different  velocity  was  made0  The  difference  between  the 
drill  hole  depth  for  the  two  cases  was  taken  as  a  measure  of  the 
computer  error®  To  compare  the  computer  error  at  various  rates*  the 
error  at  a  logging  velocity  of  156  feet  per  minute  was  arbitrarily 
assumed  zero#  The  latter  velocity  is  the  maximum  which  would  be  used 
in  practice  and  is  also  the  approximate  velocity  at  which  logging  is 
normally  conducted* 

From  Table  VTI*  it  is  seen  that  the  computer  error  is 
largest  at  the  lowest  logging  velocity©  Furthermore*  the  error  is  in 
a  direction  such  that  the  computer  volume  is  too  large  at  lower 
velocities©  This  is  a  consequence  of  the  slightly  drooping  output 
voltage  characteristic  of  the  tachometer*  The  computer  error  of  2 ©2% 
at  a  velocity  of  42©5  ft/minute  is  consistent  with  the  observed 
linearity  of  the  tachometer  of  0*5/£* 

Co  The  simulated  drill  hole  logging  test 

This  test  was  devised  to  check  the  overall  performance  of 
the  computer  under  conditions  which  would  be  met  during  logging  an 
actual  drill  holeo  In  particular  it  tests  the  ability  of  the  computer 
servo  mechanisms  to  follow  their  respective  varying  input  quantities* 
the  steady  state  computing  errors  having  been  evaluated  by  the 


previous  tests* 


■ 


■ 


, 
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To  provide  the  radius  input  signal $  the  system  shown  in 
Figure  12  and  discussed  earlier  was  used®  The  drill  hole  radius 
curve  which  was  plotted  on  the  recorder  chart  was  obtained  from  a 
caliper  survey  which  had  been  run  on  Imperial  Cynthia  No0  3<~1»52~11«W5 
on  April  2 nC^  1954®  The  interval  plotted  on  the  chart  corresponded 
to  a  1000  foot  section  of  the  well  between  the  depths  of  4100  to 
5100  feet  KB® 

The  equivalent  logging  velocity  was  not  varied  during  the 
test  since  changes  in  logging  velocity  in  the  field  do  not  occur 
rapidly^  the  time  variation  of  the  drill  hole  radius  placing  far  more 
stringent  requirements  on  the  performance  of  the  servo  mechanisms o 

The  performance  of  the  computer  was  evaluated  by  comparing 
the  drill  hole  volume  as  given  by  the  computer  to  the  calculated 
volume  of  the  drill  hole®  The  latter  was  obtained  as  follows®  The 
radius  curve  plotted  by  the  recorder  pen  was  divided  into  sections  of 
100  feet®  The  average  drill  hole  radius  for  every  five  feet  of  each 
section  was  carefully  estimated  by  Inspection®  The  volume  of  each  of 
the  five  foot  increments  was  then  calculated  and  these  volumes  were 
summed  to  obtain  the  volume  of  the  100  foot  section®  To  serve  as  a 
control  for  the  estimation  of  the  average  radius  of  the  five  foot 
sections s  the  average  radius  ordinate  for  each  100  foot  section  was 
obtained  by  planimetering  the  recorded  radius  curve®  The  average 
planimeter  ordinate  was  compared  to  the  average  of  the  twenty  estimated 
radius  ordinates®  If  these  figures  differed  by  more  than  0o2%$  the 
radii  of  the  five  foot  sections  were  re-estimated  and  the  check  was 
repeated®  The  manually  plotted  radius  curve  was  not  used  for  these 
calculations  since  it  was  possible  to  follow  this  curve  exactly  with 
the  recorder  radius  pen® 


> 
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Figure  17  is  a  reproduction  of  the  recorder  chart  obtained 
from  the  test®  The  results  of  the  test  are  tabulated  in  Table  VIII® 

It  will  be  seen  from  the  table  that  the  computer  error  for  this  test 
varied  from  1®24  to  1®87^®  The  average  radius  of  the  1000  foot  interval 
is  approximately  6®9  inches  and  from  Figure  15  it  is  seen  that  the 
static  computer  error  for  this  radius  is  approximately  1®4^0  Thus 
it  may  be  concluded  that  since  the  computer  error  from  the  simulated 
drill  hole  test  is  approximately  the  same  as  the  inherent  static 
computer  error*  the  computer  was  operating  in  a  satisfactory  manner 
during  the  test© 


VI.  CONCLUSIONS  AND  RECOMMENDATIONS 


An  electric  analog  computer  for  obtaining  a  curve  of 
the  volume  of  an  oilwell  drill  hole  as  a  function  of  depth  has 
been  designed*  developed  and  tested  in  the  laboratory® 

The  theoretical  analysis  of  the  design  has  shown  that 
the  computer  could  be  constructed  so  as  to  be  accurate  to  within 
one  or  two  percent®  Tests  of  the  development  model  of  the  computer 
showed  it  to  be  accurate  to  within  five  percent  for  drill  holes 
greater  than  four  inches  in  radius® 

Throughout  the  laboratory  tests  the  computer  was  found 
to  be  trouble  free  and  stable  with  respect  to  maintaining  calibration® 
A  full  evaluation  of  the  operating  characteristics  of 
the  computer  should  be  made  under  field  conditions©  For  such  a 
series  of  tests*  the  following  suggestions  are  made® 

a®  The  linear  and  square  law  potentiometers  used  in  the 
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development  model  should  be  replaced  with  units  having  a  tolerance 
of  0.2%  or  better*  This  would  effect  an  improvement  in  the  accuracy 
of  the  computer  which  would  result  in  a  better  indication  of  its 
capabilities* 

b.  The  possibility  of  obtaining  a  more  precise  tachometer 
should  be  investigated*  This  should  result  in  improved  performance 
at  lower  logging  velocities* 

c*  The  most  likely  source  of  difficulty  in  maintaining  the 
performance  of  the  computer  in  the  field  is  thought  to  be  preserving 
the  insulation  resistance  of  those  portions  of  the  computer  which 
are  connected  to  the  integrating  capacitor*  Frequent  leakage  tests 
should  be  made  in  the  field  in  order  to  evaluate  this  factor* 


TABLE  III 


Determination  of  Leakage  Resistance  of  Integrating 
Capacitor  and  Associated  Components 


Time°*t 

Capacitor  Voltage-V. 

Minutes 

Seconds 

0 

0 

291o0  Data  may  be  fitted  approxi- 

11  1/2 

690 

288.9  mately  by= 

29 

38 

1740 

2280 

285.3  Vt  =  Vq  e  -_L 

283.8  EC 

46 

2760 

oor)  n  where  RC  =  87*000  seconds 

dodoV 

54 

3240 

280.5  Yo  =  291,0 

60 

3600 

279.6  C  =  21,5  mfd 

66  1/2 

3990 

2yq  1  thus  R  “  4-000  megohms 

TABLE  IV 

Determination  of  Leakage  Resistance  of  Integrating 

Capae itor 

and  Associated  Components 

Servo 

Motor  Noo  2  Isolated 

Time 

Capacitor  Voltage-V 

Minutes 

Seconds 

1  O 

0 

0 

292«5  For  these  data® 

6 

360 

291°9  RC  -  283*000  seconds 

11  1/2 

690 

291a6  V  =  292 0 5 

16 

960 

291®3  ° 

25 

1500 

29Q0y  R  85  13^200  megohms 

40 

2400 

289®8 

53 

3180 

289®0 

73 

4380 

287o8 

(5D 


TABLE  V 


Determination  of  Minimum  Cur rent~Cont roller  Current 


Time  «  t  Voltage  -  V 

S  econds 


0 

30 

60 

90 

120 

150 

180 

240 

300 


0 

0*10 

0*23 

0*34 

0*46 

0*56 

0*70 

0*93 

1*15 


These  data  may  be  fitted  approximately  by* 
V  -  i  t 

TT 

where  i/C  •  0*00382  volts/second 
Since  C  35  21*5  mfd9 

«6 

i  ■  0*082  x  10  amperes 


-  53  - 


TABLE  VI 

Computer  Error  for  Constant  Radius  Drill  Hole 
Logging  velocity  120  ft/minute 
Data  taken  from  Figure  14 


Drill  Hole 
Radius 

3  inches 

4 

5 

6 

7 

8 
9 


Observed  Hole 
Depth  for 
Indicated  Volume 

True  Volume 

Percent  Computer  Error 
(Indicated  -  True  Volume) 

of  250  ft5 

of  Hole 

*01  x  True  Volume 

1177*25  ft 

231.25  ft3 

8.15  % 

681o75 

237.98 

5.05 

456o 75 

249.12 

0.35 

320*0 

251.33 

-0.53 

237*5 

253.89 

-1.53 

I83.5 

256.21 

-2.42 

145.0 

256.24 

-2.44 

117.25 

255.80 

-2.27 

10 
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TABLE  VII 

Computer  Error  Due  to  Variation  in  Logging  Velocity 

Drill  hole  radius  7  inches 

Data  taken  from  Figure  16 

Computer  error  assumed  zero  at 
logging  velocity  of  156  ft/min 


Observed  Hole 
Depth  for 


Logging 

Velocity 

Indicated  Volume 
of  250  ft" 

Helative  Depth 
Deviation 

Relative  Volume 
Error 

Relative  P 
Error 

42.5  ft/min  232*62  ft 

5*13  ft 

5.49 

2.20  % 

81 

235.63 

2©12 

2.27 

0.91 

120 

237.25 

0o5 

0.53 

0.21 

156 

237.5 

0*0 

0.0 

OoO 

195 

238.0 

-0*25 

-0.27 

-0.11 

TABLE  VIII 

Computer  Error  for  Simulated  Logging  Run 
Logging  velocity  -  120  ft/minute 
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Drill  Hole  Wall 


Figure  I 


SECTION  OF  A  DRILL  HOLE 


0jn Dij 


o^o 


“TJ 

q  in 

5  ** 
^5* 

Sc 


i^^vvwyvw 


8S 


59 


Q. 

v> 

Id 


Figure  4 


THE  INTEGRATING  CIRCUIT 
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SIMPLIFIED  CIRCUIT  OF  THE  DRILL  HOLE  VOLUME  COMPUTER 
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Figure  8 

EQUIVALENT  CIRCUIT  OF  THE  INTEGRATING  CAPACITOR 
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FIGURE  9 


COMPUTER  PRESENTATION  OF  DRILL  HOLE 


VOLUME  LOG 
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Figure  10 


METHOD  OF  CHANGING  TACHOMETER  SCALE  FACTOR 
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Figure  12 
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FRONT 


RECORDER 


DRILL  HOLE  LOG  SIMULATION  SYSTEM 


Figurel3 


volume  curve  for 
.  INDICATED  radius 


DRILL  HOLE -DEPTH  FEET 


RADIUS  -  INCHES 
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RECORD  FROM 

CONSTANT  RADIUS  DRILL  HOLE 
COMPUTER  TEST 


Logging  Velocity  =l20ft./min 
r max' 15  inches 


FIG.  14 


COMPUTER  ERROR  FOR 
CONSTANT  RADIUS  DRILL  HOLE 
COMPARED  TO 

OBSERVED  LINEAR-SQUARE  LAW 
POTENTIOMETER  ERROR 
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LOGGING  VELOCITY- FT/MIN 


LOGGING  VELOCITY  -  FT/MIN 


10  FEET 


VOLUME-CUBIC  FEET 


RECORD  FROM 

VARIABLE  LOGGING  VELOCITY 
COMPUTER  TEST 


Drill  Hole  Radius  =  7  inches 

w15  inches 


FIG.  16 


DRILL  HOLE  RADIUS 


RECORD  FROM 
SIMULATED  LOGGING  RUN 


Logging  Velocity=l20  ft./min. 

r  =15  inches 

mox. 


FIG. 17 


NOMENCLATURE 


a  A  constant 

b  Ac  ons  tant 

C  Capacitance,  farads 

e  Voltage,  volts 

E  Voltage,  volts 

Ep  Integrating  capacitor  voltage,  volts 

E 

sip  Voltage  output  from  square  law  potentiometer,  volts 
E^  Voltage  output  from  tachometer 

i  Current,  amperes 

d. 

P  The  operator  — 

q  Charge,  coulombs 

r  Drill  hole  radius,  feet 

R  Resistance,  ohms 

R^  Leakage  resistance  of  integrating  capacitor,  ohms 
t  Time,  seconds 

t^  Maximum  period  of  time  over  which  integration  proceeds,  seconds 
T  A  specific  time  or  a  fractional  tolerance 

V  Volume,  cubic  feet 

x  Distance  along  drill  hole  axis,  feet 

X  A  specific  distance 

Y  A  reference  voltage,  volts 

*<  A  scale  factor 

A  transfer  function 
^  An  error,  fraction 

©  Angular  shaft  displacement,  degrees 

Angular  velocity,  degrees/second 
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APPENDIX  A 


Th©  Halliburton  Oil  Well  Cementing  Company 
Caliper  Logging  Tool  Output  Signal 

The  Halliburton  caliper  logging  tool  presents  an  output 
signal  of  the  forms 

EQsar  *  b  »##,..,(A-1 

where  88  caliper  tool  output  voltage 

r  =  drill  hole  radius 

a*b  *  constants 

The  magnitude  of  th©  output  signal  for  a  given  radius 

is  not  fixed  and  may  be  varied  at  the  option  of  the  logging  operator* 

but  its  rang©  is  between  zero  and  one  volt  as  th©  drill  hole  radius 

varies  from  its  minimum  to  its  maximum  diameter*  Th©  output  impedance 

of  the  circuit  from  which  E  is  derived  is  of  the  order  of 

o 

100*000  ohms® 

The  constant  a  in  Equation  A-l  is  under  the  control  of 
the  operator  but  the  constant  b  is  fixed  by  the  construction  of 
the  individual  logging  tool*  Since  the  logging  tools  must  be 
interchangeable  among  various  logging  trucks*  Halliburton  have 
devised  a  system  whereby  the  logging  tool  which  is  to  be  used  with 
a  particular  truck  is  calibrated  before  each  run* 

The  calibration  is  effected  as  follows* 

i*  Ihen  the  arms  of  the  logging  tool  are  fully  closed* 
the  effective  radius  at  the  extremities  of  th©  arms  in  1*5  inches* 

A  zero  off-set  control  on  the  recording  equipment  is  then  adjusted 


(75) 


-  76  - 


so  that  the  radius  recorded  is  1*5  inches*  This  adjustment  accounts 
for  the  constant  b  in  Equation  A-l  and  the  input  to  the  recorder 
is  now  a  signal  proportional  to  the  drill  hole  radius  or* 

E  =  E  -  b  =  ar  ••«•«««•  (A-2 

r  o 

ii«  A  ring  of  known  radius  is  now  placed  over  the 
caliper  tool  and  the  arms  of  the  tool  are  extended  until  they  are 
constrained  by  the  ring*  The  sensitivity  of  the  recording  equipment 
is  now  adjusted  until  the  recorder  indicates  the  known  radius  of  the 
ring*  This  adjustment  accounts  for  the  constant  a  in  Equations 
A-*!  and  A-2  and  the  recording  equipment  is  now  calibrated  for  use 
with  the  given  caliper  tool* 


APPENDIX  B 


Detailed  Discussion  of  the 
Drill  Hole  Volume  Computer  Circuit 

Ao  DISCUSSION  OF  CIRCUIT 

The  circuit  of  the  drill  hole  volume  computer  as  finally- 
evolved  is  shown  in  Figure  B-l©  The  circuit  may  be  divided  into 
three  general  sections?  the  computer  proper,  the  vacuum  tube  volt¬ 
meter  and  the  integrating  capacitor  discharging  trigger  circuit© 

These  sections  will  be  discussed  separately© 

io  The  Computing  Section 

With  the  exception  of  the  input  circuit,  the  computing  section 
is  similar  to  the  basic  circuit  of  the  computer  as  shown  in  Figure  5« 

Servo  amplifier  1  is  preceded  by  a  preamplifier  which  matches 
the  relatively  high  impedance  caliper  tool  to  the  low  impedance  input 
of  the  servo  amplifier®  The  preamplifier  tube  V^  is  connected  as  a 
cathode  follower  and  has  an  output  impedance  of  approximately  500  ohms0 
The  impedance  seen  by  the  amplifier  is  the  output  impedance  of  the  cathode 
follower  plus  the  capacitive  reactance  of  the  coupling  capacitor  or 
a  total  of  about  3000  ohms©  The  grid  of  V^  is  connected  to  the  reed  of 
the  converter  which  is  driven  by  the  converter  coil  so  as  to  vibrate 
between  contacts  5  and  5  at  a  rate  of  60  times  per  secondo  When  the 
reed  is  on  contact  3,  the  grid  capacitor  charges  to  the  voltage  which 
appears  on  contact  3  at  that  instant®  When  the  reed  is  on  contact  5# 
the  grid  capacitor  is  discharged©  Thus  a  voltage  appearing  on  contact  3 
is  chopped  into  a  60  cycle  per  second  voltage  which  is  passed  on  to  the 
input  of  the  servo  amplifier©  The  amplified  voltage  is  fed  to  the  servo 
motor  lo  The  amplifier  and  servo  motor  comprise  a  conventional  servo 
system  (17)  with  the  motor  turning  in  one  direction  if  contact  3  is 
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positive  with  respect  to  ground  and  in  the  reverse  direction  if  the 
polarity  of  contact  3  is  negative*  If  the  voltage  on  contact  3  is 
zero 9  the  motor  is  not  excitedo 

The  potential  of  contact  3  is  equal  to  the  caliper  tool  out- 
put  voltage  minus  the  voltages  appearing  across  the  off-set  resistor  R^ 
and  the  precision  linear  potentiometer  The  latter  voltage  is  con¬ 

trolled  by  the  rotation  of  the  shaft  of  R^  which  is  driven  by  servo 
motor  I©  The  off-set  resistor  voltage  compensates  for  the  fact  that  the 
output  from  the  Halliburton  caliper  tool  is  not  zero  when  the  drill  hole 
radius  is  zero5  as  discussed  in  Appendix  A*  It  is  adjusted  in  a  manner 
to  be  described  later*  The  action  of  the  servo  system  balances  the  vol¬ 
tage  drop  across  R^  against  the  caliper  tool  voltage  minus  the  off-set 
voltage*,  the  difference  between  the  latter  being  proportional  to  the  drill 
hole  radius o  Thus  the  shaft  rotation  of  the  linear  potentiometer  is  made 
proportional  to  the  drill  hole  radius*  The  constant  of  proportionality 
is  determined  by  the  span  resistor  R^  and  its  adjustment  to  obtain  a  con¬ 
stant  of  proportionality  equal  to  the  previously  fixed  scale  factor 
is  described  later* 

The  remainder  of  the  computer  circuit  is  identical  to  Figure  5 
and  its  operation  has  been  discussed  in  Section  HI  C9  Subsections  ii  and 
iii* 

The  computer  tachometer  is  driven  by  the  selsyn  motor  whose 
rotor  and  stator  windings  are  connected  to  those  of  the  logging  truck 
selsyn  generator© 

ii*  The  Vacuum  Tube  Voltmeter  Section 


The  galvanometers  of  the  Halliburton  recording  camera  require 


' 
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one  milliainper©  for  a  full  scale  deflection©  This  current  is  provided 

by  the  vacuum  tube  voltmeter  tube  V  ©  The  grid  of  V  is  connected  between 

3  3 

the  integrating  capacitor  and  ground  when  the  VTVM  Function  Switch  is  in 
the  flRun5  position. 

The  vacuum  tube  voltmeter  tube  V  is  connected  as  a  cathode 

3 

follower©  Its  plate  is  connected  directly  to  the  400  volt  supply  while 
its  screen  grid  is  maintained  at  a  constant  potential  with  respect  to 
its  cathode  by  means  of  a  45  volt  battery©  The  latter  connection  gives 
the  tube  a  constant  current  characteristic  which  ensures  that  the  plate 
current  is  a  function  only  of  the  control  grid  potential  and  is  insensi¬ 
tive  to  variations  of  the  plate  to  cathode  voltage©  The  galvanometer  of 
the  Halliburton  recording  camera  is  connected  in  series  with  the  cathode 
circuit  of  V^  and  the  cathode  resistor  R^  is  chosen  such  that  one  milli- 
ampere  flews  in  the  cathode  circuit  when  the  grid  of  V^  is  at  its  maxi¬ 
mum  potential  with  respect  to  ground©  The  maximum  grid  voltage  is  equal 
to  the  maximum  integrating  capacitor  voltage  which  has  been  chosen  as  300 
vo  It  So  Since  V^  operates  as  a  cathode  follower*  its  maximum  cathode  to 
ground  voltage  is  nearly  3OO  volts  and  thus  the  required  cathode  resis¬ 
tor  for  a  on©  milliampere  current  is  approximately  300*000  ohms0  A 
280*000  ohm  fixed  resistor  in  series  with  an  adjustable  resistance  of 
30*000  ohms  was  used  as  the  cathode  resistor  in  order  to  afford  some 
degree  of  adjustment©  Although  the  large  cathode  resistor  of  V^ 
results  in  excellent  VTVM  linearity*  the  cathode  current  does  not  go  to 
zero  when  the  grid  to  ground  voltage  of  V^  is  zero©  Thus  a  zero  adjusting 
circuit  comprising  a  3  volt  battery*  potentiometer  and  resistor 


is  provided©  This  combination  causes  a  current  to  flow  in  -the  galva® 
nometer  circuit  which  is  in  the  opposite  direction  to  the  residual  VTVM 
cathode  current©  The  adjustment  is  made  when  the 
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Function  Switch  is  in  -the  ’Zero*  position®  A  moans  of  internal  cali¬ 
bration  of  the  VTVM  is  provided  by  the  meter  M  and  the  Full  Scale  Vol¬ 
tage  Set  potentiometer  R16®  Adjustment  of  in  conjunction  with 
Meter  M  permits  3OO  volts  to  be  applied  to  the  VTVM  tube  when  the  Func¬ 
tion  Switch  is  in  the  ’Calibrate’'  position.  Adjustment  of  the  VTVM 
Rang©  resistor  Rg  after  the  VTVM  has  been  zeroed  calibrates  the  full 
scale  deflection  of  the  camera  galvanometer. 

It  should  be  noted  that  the  VTVM  measures  the  voltage  between 
the  upper  plate  of  the  integrating  capacitor  and  ground  and  not  the  vol¬ 
tage  across  the  capacitor  alone®  This  introduces  a  maximum  error  of  O0I3 
per  cent  of  full  scale  in  the  output  when  a  hole  having  the  maximum 
radius  is  being  loggedo  The  convenience  afforded  by  measuring  the  capaci 
tor  voltage  with  respect  to  ground  outweighs  this  small  contribution  to 
the  total  error  of  the  computer© 

ills  The  Capacitor  Discharging  Trigger  Circuit 

As  discussed  in  Section  IV-D*  the  integrating  capacitor  is 
discharged  after  it  reaches  its  maximum  voltage*  the  process  being  re¬ 
peated  as  logging  progresses®  This  is  accomplished  by  the  trigger  cir¬ 
cuit  which  is  described  below© 


Tubes  V,  and  V_  comprise  a  direct  coupled  amplifier  which  con- 

4  5 

trols  the  grid  to  cathode  voltage  of  a  thyratron  V^®  When  the  first 

grid  of  V^  is  positive  with  respect  to  the  lower  end  of  R,^*  ^e 

triode  of  V  conducts  heavily*  and  the  resulting  voltage  drop  across 

4 

R  causes  the  second  triode  of  V,  to  be  cut-off®  This  raises  the  poten- 

25  4 

tial  of  the  second  grid  of  V,_  causing  the  second  triode  of  V_  to  con- 

5  0 

duct  heavily®  The  resulting  voltage  drop  across  biases  the  thyra- 
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tron  grid  very  negatively  with  respect  to  its  cathode  and  the -thyratron 
is  in  a  non-conducting  state.  If  the  potential  of  the  lower  end  of  R 

25 

now  rises  toward  the  potential  of  the  first  grid  of  V  5  the  first  triode 
of  V^  will  conduct  less  heavily  and  the  second  triode  of  V^  will  start 
to  conducto  This  will  result  in  the  second  triode  of  V,_  approaching 
cut-off  and  thus  the  potential  of  the  thyratron  grid  will  approach 
that  of  its  cathodeo  The  thyratron  will  -then  conduct^  closing  the 
relay  in  its  plate  circuit  and  discharging  the  integrating  capacitor 
through  R^0« 

It  will  be  noted  tl^at  the  potential  of  the  first  grid  of  V^ 

is  held  positive  with  respect  to  ground  by  the  Trigger  Voltage  Set 

potentiometer  R_  ®  The  lower  end  R  is  connected  to  the  cathode  of  the 

VTVM  tub©  Vo  Since  V  is  connected  as  a  cathode  fol lower 9  its  cathode 
D  J 

potential  follows  the  potential  of  the  integrating  capacitor©  As  long 
as  the  cathode  potential  of  V^  is  lower  than  the  voltage  set  on  R^j> 
thyratron  will  not  conduct®  As  the  potential  of  the  integrating  capaci¬ 
tor  risesp  however  ^  the  cathode  potential  of  V^  will  follow  and  when  it 
reaches  the  potential  of  the  slider  of  R^5  the  thyratron  will  fire  and 
the  integrating  capacitor  will  be  discharged®  As  the  integrating  capaci«= 
tor  discharges^  the  trigger  circuit  resets  itself  and  it  is  ready  for 
the  next  operation®  The  length  of  time  the  discharge  relay  is  closed  is 
governed  by  the  size  of  capacitor  which  is  connected  across  the  dis¬ 
charge  relay  coil®  The  value  shown  keeps  the  relay  closed  for  approxi¬ 
mately  100  milliseconds  which  ensures  adequate  discharging  of  the  inte¬ 
grating  capacitor® 

The  triggering  point  is  set  by  first  switching  to  "Cali¬ 
brate  ®  and  adjusting  R^g  so  that  the  meter  reads  3OO  volts®  The  Trigger 
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Voltage  Set  potentiometer  is  then  adjusted  with  the  Trigger  Function 
Switch  on  the  ?Set8  position  until  the  relay  just  closes  as  indicated  by 
the  relay  pilot  lamp©  The  relay  will  now  operate  when  the  capacitor 
voltage  reaches  300  volts 0 

The  integrating  capacitor  may  be  discharged  manually  by 
turning  the  Trigger  Function  Switch  to  the  ®Discharge  Capacitor11  posi¬ 
tion  c 

iv©  Power  Requirements 

The  computer  requires  two  D©C©  voltage  supplies©  The  pre¬ 
amplifier  tube<>  current  controller  tube*  VTVM  tube  and  two  voltage  divi¬ 
ders  are  supplied  from  a  conventional  400  volt  vacuum  tube  regulated 
power  supply©  The  trigger  circuit  requires  400  volts  which  is  isolated 
from  ground  but  the  latter  voltage  does  not  require  regulation©  The 
thyratron  plate  circuit  is  powered  by  117  volts  A©C©  obtained  from  an 
isolation  transformer*  while  its  heater  circuit  is  supplied  from  a  sep¬ 
arate  source  of  6© 3  volts  A©C©  The  Minneapolis-Honeywell  servo  ampli¬ 
fiers  have  self  contained  power  supplies  and  require  only  117  volts  A©C© 

The  total  A©0o  power  consumption  of  the  computer  is  estimated  as  120  watts© 

In  addition  to  the  A©C©  power  requirements  noted  above*  the 
computer  requires  3=3  volt  batteries*  2-45  volt  battereries  and  one 
90  volt  battery©  Although  not  shown  on  Figure  B-l*  provision  is  made 
for  disconnecting  the  batteries  from  their  resistive  loads  by  means  of  a 
multipole  switcho 

Table  B«X  is  a  list  of  the  components  used  in  the  construction 
of  the  computer©  A  photograph  of  the  interior  of  the  computer  is 
shown  in  Figure  B~2© 
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Be  THE  COMPUTER  PANEL  CONTROLS 

A  photograph  of  the  computer  operating  panel  is  shown  in 
Figure  B-3®  The  following  is  a  description  of  the  computer  operating 
controls  and  an  outline  of  their  functions® 


Off-set  Adjust 

Compensates  for  the  caliper  tool  output  voltage 

not  going  to  zero  for  a  drill  hole  with  zero 

radius 0  Off-set  voltage  variable  from  zero  to  300 

millivolts® 

Span  Adjust 

Adjusts  angular  rotation  span  of  linearpotentiometer 

so  that  design  radius  scale  factor  is  obtained® 

Accepts  caliper  tool  signal  magnitude  range  of 

300  millivolts  35  15  inches  to  3  volts  *  15  inches  0 

Radius  Indication 
Dial 

Indicates  drill  hole  radius  in  inches®  Used  to 

assist  in  idle  calibration  of  the  computer® 

VTVM  Function  Switch 

a)  Zero  position?  Shorts  VTVM  input  for  zeroing® 

b)  Run  positions  Connects  VTVM  to  integrating  capacitor® 

c)  Calibrate  position?  Connects  VTVM  to  source  of  300  volts 

for  VTVM  calibration  purposes® 


VTVM  Zero  Adjust 

Zeros  VTVM  circuit® 

VTVM  Span  Adjust 

Adjusts  full  scale  range  of  VTVM® 

Full  Scale  Voltage 
Set 

In  conjunction  with  meter 9  provides  a  source  of 

300  volts  for  VTVM  range  and  trigger  voltage 

set  ting-  purpos  es  ® 

Trigger  Voltage 

Set 

Controls  voltage  at  which  integrating  capacitor 

discharge  relay  closes® 

-84- 


Trigger  Function  Switch 

a)  Run-Set  position*  Makes  trigger  circuit  operative  for 

running  caliper  log  or  for  setting 
trigger  voltage* 

b)  Discharge  Capacitor  positions  Permits  integrating  capaci¬ 

tor  to  be  discharged 
manually* 

Co  OPERATING  INSTRUCTIONS 

The  following  is  a  description  of  the  operations  which  must 
be  performed  in  order  to  calibrate  and  use  the  computer  for  logging  a 
drill  hole*  It  is  assumed  that  the  computer  is  connected  to  the  appro¬ 
priate  caliper  logging  equipment* 

1)  The  computer  power  supplies  are  turned  on  and  the  computer  is 
permitted  to  warm  up  for  a  few  minutes® 

2)  The  Off-set  Adjust  control  is  set  to  the  approximate  off-set 
voltage  characteristic  of  the  particular  caliper  tool  in  use®  If  the 
off-set  voltage  is  not  known <5  the  control  is  set  at  mid-scale® 

3)  With  the  calibrating  ring  over  the  arms  of  the  caliper  tool$ 
the  Span  Adjust  control  is  varied  until  the  radius  of  the  calibrating 
ring  is  indicated  on  the  Radius  Indicator  Dial® 

4)  With  the  arms  of  the  caliper  tool  closed,  the  Off-set  Adjust 
control  is  varied  until  the  Radius  Indicator  Dial  indicates  1®5  inches® 

5)  Steps  3  and  4  are  repeated  until  no  further  adjustment  of  the 
Off-set  or  Span  Adjust  controls  is  required® 

6)  The  VTVM  Function  switch  is  turned  to  the  Zero  position  and 
the  VTVM  Zero  control  is  adjusted  to  bring  the  camera  galvanometer  to 
its  zero  reference  position® 


. 
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7)  The  VTVM  Function  switch  is  turned  to  the  Calibrate  position 
and  the  Full  Scale  Voltage  Set  control  is  adjusted  until  the  meter 
reads  500  volts o 

8)  The  VTVM  Span  control  is  adjusted  until  the  camera  galvanometer 
deflects  to  its  full  scale  position® 

9)  With  the  Trigger  Function  switch  on  the  Run-Set  position, 
the  Trigger  Voltage  Set  control  is  adjusted  until  the  discharge  relay- 
closes  as  indicated  by  the  lighting  of  the  discharge  relay  pilot  lamp® 

10)  The  Trigger  Function  Switch  is  turned  to  the  Discharge  Capaci¬ 
tor  position® 

11)  The  VTVM  Function  Switch  is  turned  to  the  Run  position® 

12)  Just  before  commencing  a  logging  run,  the  Trigger  Function 
switch  is  turned  to  the  Run  position® 

The  drill  hole  volume  computer  is  now  ready  for  logging  to 

start© 

13)  Upon  completion  of  logging,  the  Trigger  Function  Switch  may  be 
turned  to  the  Discharge  position  and  the  computer  power  supplies  de¬ 
energized© 


TABLE  B-l 


List  of  Parts  used  in  the 
Drill  Hole  Volume  Computer 


v2,  v3 

V  v5 


12AU7 

6AU6 

12AX7 

2D21 


R, 


Rr 


Rr 


R. 


10 

R11 

r12 

R13 

R14 

r15>  r18 

r16*  Ri9 

r175  R20 


R 


21  22  23 


R2l* 

R25 


10  K  Precision  linear  potentiometer 9  tolerance  0o5% 
Technology  Instrument  Corporation  RV  1  5/8 

10  K  Precision  square  law  potentiometer ,  conformance  0*5$ 
Technology  Instrument  Corporation  RV  1  5/8  -  S3li7 

2530  ohm  Ool/o  Low  temperature  coefficient 

10  K  Potentiometer  with  25*%  tap*  Technology  Inst*  Corp«  RV-2 

IK  -Jw  5% 

2  K  2w  1056 

1  K  Potentiometer 9  wire  wound 
10  K  Potentiometer  9  wire  wound 
100  K  Potentiometer ,  wire  wound 
25  K  Potentiometer ,  wire  wound 
100  K  |w 

280  K  1%  Deposited  carbon 

30  K  Potentiometer ,  wire  wound 
6  H  ■Jw  1%  Deposited  carbon 
7® 5  K  lOw  wire  wound ,  adjustable 
5  K  Potentiometer  9  wire  wound 
30  K  lOw  wire  wound 

27  29  ^  ^  ^>% 

2  M  Jw  5% 

27  K  |w  5% 
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R26  hi  K  §w  % 

r28  U70  K  iw  5% 

R30  10  ohms  lOw  wire  wound 

R^.  1*00  K  Jw  \%  Deposited  carbon 

Rs  100  K  0*25$  Low  temperature  coefficient 

C  20  mfd  (Nominal)  1*00  WV  Stabelex  D 

Industrial  Condenser  Corporation 

Cx  oOOl  mfd  Ceramic 

0>2  1  ^1^  paper 

C^  1*0  mfd  600  WV  Electrolytic 

Sx  1  pole*  3  position  switch*  ceramic  insulated 

1  pole*  2  position  switch 

T  Isolation  transformer*  117V-117V*  100  milliamperes 


Servo  Amplifiers  (2)  Minneapolis  “Honeywell  Brown  No< 

Servo  Motors  (2)  Minneapolis “Honeywell  Brown  No< 

Converter  Minneapolis -Honeywell  Brown  No< 

Selsyn  Motor  General  Electric  Model  2JD123A10A 
Tachometer  Instrument  Motors  Inc*  Model  M-2l*-012 
M  0  -  50  microampere  meter 


356358-1 

76750-3 

75829-1 


Notes ; 


K  «  1000  ohms 

M  »  1*000*000  ohms 

w  =  watt 

WV  •  working  voltage 


CIRCUIT  DIAGRAM 
OF 

DRILL  HOLE  VOLUME  COMPUTER 

NOTES  :  K  =  x  10s 
M  =  x  I06 
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INTERIOR  OF  DRILL  HOLE  VOLUME  COMPUTER 


Figure  B-2 


DRILL  HOLE  VOLUME  COMPUTER 
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Figure  B-3 


COMPUTER  OPERATING  PANEL 


